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Abstract 
In arid environments, dominant woody plants such as shrubs or trees, usually facilitate a 
high density of species in their understories. This phenomemon is composed by a 
series of direct and indirect effects from the dominant plant to the understory species, 
and among understory species. The aim of this project was to determine these direct 
and indirect consequences of dominant plant-plant facilitation in a collection of field sites 
along the coastal Atacama Desert. The following objectives and hypotheses were 
examined in this project: (1) to summarize and contextualize the breadth of research on 
indirect interactions in terrestrial plant communities; (2) that the positive effects of 
dominant plants on understory communities are spatiotemporally scale dependent, from 
micro- to broad-scale spatial effects, and from within-seasonal to among-year temporal 
effects; (3) that dominant plants via their different traits determine the outcome of plant-
plant interactions; (4) that dominant plants determine the outcome of interactions 
amongst understory species and that their responses are species-specific; and (5) that 
facilitation by dominant plants generates sufficiently different micro-environmental 
conditions that lead to consistent differences in seeds traits of understory plants. 
Overall, we found that multiple factors determine the outcome of plant-plant interactions 
along the field sites studied in this project. These factors impact both the direct and 
indirect effects of dominant woody plants on their understory communities and include 
species-specific traits of both the dominant and understory species, and the spatial and 
temporal environmental gradients that manifest their effects at different scales. 
Dominant plants usually facilitate increased species richness and density of plants in 
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their understory, that in turn mediates effects amongst these species. However, these 
direct effects seem to have a limit given that at extremely stressful environmental 
conditions they tend to change to neutral and even competitive effects of canopies on 
their understories. This provides evidence that positive effects of dominant plants 
collapse under extreme spatiotemporal stress. Although we did not find evidence of 
evolutionary effects of top-down facilitation, the methodology proposed here represents 
a contribution to test the conditions under which these results hold. Overall, this project 
illustrates the importance of understanding the multiple drivers that determine the 
outcome of biotic interactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	
iv 
 
 
 
 
 
 
To my family : Cecilia, Alejandro, 
Sergio and Dieguito 
 
 
 
 
 
 
 	
v 
Acknowledgements 
I would like to thank my supervisor Dr. Chris Lortie for the opportunity to come work with 
him in Canada. I am extremely grateful for your encouragement, guidance and patience 
over all of these years.  
 
I would like to thank Dr. Taly Drezner for her valuable comments and suggestions as my 
co-supervisor throughout the completion of my degree. I thank Dr. Rick Bello for his 
valuable comments and for being part of my supervisory committee. I also would like to 
thank Drs. Suzanne MacDonald, Sapna Sharma and Lonnie Aarssen (Queen’s U) for 
being part of my examining committee.  
 
Many thanks to all the people who contributed to this project. In Peru: Pr. Francisco 
Villasante, Italo Revilla, Birggeth Flores, Jessica Turpo, Paola Medina, Anthony Pauca 
and Alejandro Sotomayor. In Chile: Dr. Julio Gutiérrez, Dr. Francisco Squeo, Pr. Gina 
Arancio, Danny Carvajal, Patricio García, Eric Anacona and Fernanda Delgado. In 
Canada, members of the Lortie Lab: Laurent Lamarque, Ryan Spafford and Alex 
Filazzola. I especially thank the Comunidad Campesina de Atiquipa for allowing me 
entrance to their private reserve and their support during fieldwork. I also thank the 
Chilean Government for allowing me entrance to Parque Nacional Fray Jorge.  
 
I thank all the Lortie lab members who made my life as a graduate student a 
memmorable experience: Laurent Lamarque, Ryan Spafford, Dan Masucci, Anya Reid, 
 	
vi 
Alex Filazzola, Amanda Liczner, Ally Ruttan, and Taylor Noble. I would also like to thank 
the Faculty and students of the Department of Geography that have welcomed me 
during my stay at York University. I thank Yvonne Yim for her disposition and help 
during all these years in the Program.  
 
This project was possible due to several research and fieldwork grants from the Faculty 
of Graduate Studies at York University. I also thank Chris Lortie’s NSERC Discovery 
Grant for travel funding support.  
 
I thank my family: Cecilia, Alejandro, Sergio and Dieguito for their love, unconditonal 
support and constant encouragement during my studies.  
 
 
 
 
 
 
 
 	
vii 
Table of Contents 
Abstract  ................................................................................ ii 
Dedication  ............................................................................ iv 
Acknowledgements  .............................................................. v 
Table of Contents  ................................................................. vii 
List of Tables  ........................................................................ xi 
List of Figures  ....................................................................... xvi 
 
Chapter 1  .............................................................................. 1 
Abstract  ............................................................................................................ 1 
Introduction  ...................................................................................................... 2 
Methods  ........................................................................................................... 8 
Results  ............................................................................................................. 11 
Discussion  ........................................................................................................ 15 
Conclusions  ...................................................................................................... 23 
Acknowledgements  .......................................................................................... 24 
References  ....................................................................................................... 24 
 
Chapter 2 ............................................................................... 30 
Abstract  ............................................................................................................ 31 
Introduction  ...................................................................................................... 32 
Methods  ........................................................................................................... 35 
Desert localities and study sites  ................................................................... 35 
Dominant plants and vegetation surveys  ..................................................... 36 
Statistical analyses  ...................................................................................... 39 
Results  ............................................................................................................. 40 
 	
viii 
Discussion  ........................................................................................................ 44 
Concluding remarks  ......................................................................................... 49 
Acknowledgements  .......................................................................................... 50 
References  ....................................................................................................... 50 
 
Chapter 3 ............................................................................... 55 
Abstract  ............................................................................................................ 56 
Introduction  ...................................................................................................... 57 
Methods  ........................................................................................................... 61 
Study site, plot selection, and dominant species  ......................................... 61 
Vegetation surveys and microsite measurements  ....................................... 63 
Subordinate plant-plant interaction outcomes by microsite  ......................... 64 
Statistical analyses  ...................................................................................... 67 
Results  ............................................................................................................. 68 
Microhabitat differentiation  ........................................................................... 68 
Species-specific effects of dominant plants on their understory  .................. 71 
Subdominant plant-plant interactions as affected by dominant plants  ......... 73 
Discussion  ........................................................................................................ 79 
Concluding remarks  ......................................................................................... 82 
Acknowledgements  .......................................................................................... 83 
References  ....................................................................................................... 83 
 
Chapter 4  .............................................................................. 88 
Abstract  ............................................................................................................ 89 
Introduction  ...................................................................................................... 90 
Methods  ........................................................................................................... 94 
Study site and species  ................................................................................. 94 
Vegetation surveys and target understory species  ...................................... 95 
Neighborhood removal experiment  .............................................................. 96 
Statistical analyses  ...................................................................................... 99 
 	
ix 
Results  ............................................................................................................. 101 
Surveys of plant density  ............................................................................... 101 
Neighborhood removal experiment  .............................................................. 104 
Discussion  ........................................................................................................ 110 
Acknowledgements  .......................................................................................... 114 
References  ....................................................................................................... 115 
 
Chapter 5  .............................................................................. 119 
Abstract  ............................................................................................................ 120 
Introduction  ...................................................................................................... 121 
Methods  ........................................................................................................... 125 
Study site and species  ................................................................................. 125 
Plant density  ................................................................................................ 126 
Seed mass and viability  ............................................................................... 127 
Seed germination trials  ................................................................................ 127 
Statistical analyses  ...................................................................................... 130 
Results  ............................................................................................................. 131 
Plant density  ................................................................................................ 131 
Seed mass and viability  ............................................................................... 131 
Seed germination  ......................................................................................... 135 
Discussion  ........................................................................................................ 138 
Acknowledgements  .......................................................................................... 142 
References  ....................................................................................................... 142 
 
Synthesis  .............................................................................. 146 
Aim and over-arching hypothesis  ..................................................................... 147 
Summary of major findings  .............................................................................. 150 
Implications for ecological and biogeographical theory  .................................... 157 
Implications for methodology  ........................................................................... 162 
Implications for coexistence in stressful environments  .................................... 163 
 	
x 
Implications for applied ecology, global change and desertification  ................ 165 
Conclusion  ....................................................................................................... 166 
References  ....................................................................................................... 167 
 
Appendices  ........................................................................... 171 
Appendix 1  ....................................................................................................... 172 
Appendix 2  ....................................................................................................... 173 
Appendix 3  ....................................................................................................... 186 
Appendix 4  ....................................................................................................... 187 
Appendix 5  ....................................................................................................... 192 
Appendix 6  ....................................................................................................... 193 
Appendix 7  ....................................................................................................... 194 
Appendix 8  ....................................................................................................... 195 
Appendix 9  ....................................................................................................... 196 
Appendix 10  ..................................................................................................... 197 
Appendix 11  ..................................................................................................... 198 
Appendix 12  ..................................................................................................... 199 
Appendix 13  ..................................................................................................... 200 
Appendix 14  ..................................................................................................... 201 
 
 
 
 
 
 
 
 
 
 	
xi 
List of Tables 
Chapter 1 
Table 1. Main hypotheses tested regarding indirect interactions in terrestrial 
plants along with a concise definition and examples of reference articles  ....... 6 
 
Chapter 2 
Table 1. Study sites within each desert region along with their climatic 
characteristics. De Martonne AI was calculated using mean annual temperature 
and annual precipitation extracted from WorldClim (Hijmans et al. 2005) for each 
site. Rainfall data are means and annual totals within brackets. * mean data from 
Sotomayor & Jimenez 2008 for Atiquipa, and yearly data from a local weather 
station; mean data for Romeral from Almeyda 1950, for Fray Jorge from Madrigal 
et al. 2011, and annual data from www.ceazamet.cl.  ...................................... 38 
Table 2. Dominant plant species surveyed along the Atacama Desert in Southern 
Peru and North-Central Chile. Traits presented include plant height (m), life form, 
presence of thorns (thorniness), and the site where each species was sampled. 
* denotes endemic species (Marticorena et al. 2001).  ..................................... 39 
Table 3. Summary of GLMMs contrasting RIIs of species richness and plant 
density among desert localities, dominant plants and gradients in three different 
years along the Atacama Desert. P-values <0.05 are bolded and indicate 
significant differences.  ...................................................................................... 41 
 
 	
xii 
Chapter 3 
Table 1. Summary of statistical models contrasting species richness and plant 
density (plants.m-2) between open microsites and dominant plant microsites in 
Atiquipa, Southern Peru. P-values <0.05 indicate significant differences  ........ 69 
Table 2. Summary of statistical models contrasting plot level species richness 
and standardized effects sizes (SES) of C-scores between open microsites and 
dominant plant microsites in Atiquipa, Southern Peru. P-values <0.05 indicate 
significant differences  ....................................................................................... 70 
 
Chapter 4 
Table 1. Summary of the four possible indirect outcomes based on direct and 
indirect interaction indices. Greater-than or lower-than symbols indicate significant 
differences that are considered to determine the respective indirect outcome. 
Adapted from Michalet et al. (2015a, b).  .......................................................... 99 
Table 2. Summary of generalized linear mixed models (GLMMs) for the differences 
in plant density between microsites from surveys in Atiquipa, Southern Peru. 
Bolded values denote significance at P < 0.05  ................................................ 102 
Table 3. Summary of parameter estimates (slope) from GLMMs examining the 
effect of neighborhood density on the density of two target species under shrubs 
and in the open. Density is number of plants per m-2. Observed probability 
functions were exponential. Bolded values denote significance at P < 0.05  .... 103 
Table 4. Summary of GLMMs for plant height, fruit production and biomass 
following a neighborhood removal treatment in Atiquipa, Southern Peru. Entire 
 	
xiii 
herbaceous neighborhoods were removed at two microsites: under C. spinosa and 
open adjacent microsites. Bolded values denote significance at P < 0.05  ...... 106 
Table 5. Summary of indirect interaction effects and outcomes in a desert tree-
understory assemblage tested using herbaceous neighborhood removals under 
the canopy and in open. The four possible indirect outcomes are (see Table 1 and 
Methods for details): indirect facilitation, additional facilitation, indirect competition, 
and additional competition  ............................................................................... 107 
 
Chapter 5 
Table 1. Micro-habitat data for open (O) and understorey (U) conditions obtained 
from field observations at Atiquipa, Southern Peru. Field values are presented ± 
1SE, and values utilized to program the growth chambers are between brackets 
 .......................................................................................................................... 129 
Table 2. Summary of GLMMs of plant density, seed mass and viability for five 
annual species found in both understorey and open micro-habitats (i.e. seed 
sources). Chi-square values are presented along with the corresponding p-values. 
Bolded values indicate statistically significant differences (p < 0.05)  ............... 132 
Table 3. Summary of GLMMs of seed germination under controlled conditions 
(growth chambers). Micro-habitat refers to the chamber conditions, while source 
corresponds to the micro-habitat where seeds were collected. Chi-square values 
are presented along with corresponding p-values. Bolded values indicate 
statistically significant differences (p < 0.05)  .................................................... 133 
 	
xiv 
Table 4. Summary of post hoc chi-square contrasts for seed germination of five 
annual species. False discovery rate corrected p-values are presented. 
Combinations of seed source (open (O) and understorey (U)) and simulated micro-
habitat (open (O) and understorey (U)) were contrasted with their respective 
reciprocal treatment. Bolded values indicate statistically significant values (p < 
0.05) along with the corresponding treatment with the higher final germination rate 
 .......................................................................................................................... 134 
 
Synthesis 
Table 1. Summary of findings from the study of direct and indirect consequences 
of plant-plant interactions  ................................................................................. 151 
 
Appendices 
Appendix 3. Summary of findings for the indirect plant interactions literature, 
including hypotheses tested and information about experimental procedures, 
target species and field sites  ............................................................................ 186 
Appendix 5. Summary of GLMMs contrasting species richness among microsites 
and gradients in three different years along the Atacama Desert. P-values <0.05 
are bolded and indicate significant differences  ................................................ 192 
Appendix 6. Summary of GLMMs contrasting plant density among microsites and 
gradients in three different years along the Atacama Desert. P-values <0.05 are 
bolded and indicate significant differences  ...................................................... 193 
 	
xv 
Appendix 9. Study sites along with their climatic characteristics (Chapter 4). De 
Martonne AI was calculated using mean annual temperature and annual 
precipitation extracted from WorldClim (Hijmans et al. 2005) for each site  ..... 196 
Appendix 10. Summary of Akaike Information Criterion (AIC) values for probability 
distribution functions fitted to the response variables analyzed in different models 
in Chapter 4. Lower AIC values indicate a better fit  ......................................... 197 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	
xvi 
List of Figures 
Chapter 1 
Figure 1. Synthetic framework for indirect interactions in plant communities 
showing the frequency of hypotheses tested to date. This framework nests 
hypotheses into a trophic chain while aggregating the models of Wootton (1994) 
and Callaway (2007). It also depicts a hypothetical relationship where higher 
complexity of interactions would be supported in more productive and benign 
environments. Dashed lines indicate indirect effects, solid lines represent direct 
interactions, and dotted lines indicate future directions for studies  .................. 10 
Figure 2. Geographical distribution of studies on indirect interactions involving 
terrestrial plants  ................................................................................................ 12 
Figure 3. Distribution of studies according to ecosystem type: a) type of 
interaction tested (trophic chain (TC), shared defense (SD), associational 
resistance (AR), indirect facilitation (IF), exploitative competition of facilitation 
(ECF), and apparent competition (AC)); b) number of trophic levels studied; c) 
number of target species tested. Asterisks (*) denote significative differences 
between groups (p<0.05)  ................................................................................. 14 
 
 
 
 
 	
xvii 
Chapter 2 
Figure 1. Relative interaction indices (RIIs) with ±1SE confidence intervals for 
species richness of two dominant plant microsites in relation to open microsites 
at the peak of the growing seasons of 2011, 2012 and 2013 (vertical panels) at 
three desert locations (horizontal panels) along the Atacama Desert. Stars 
indicate significantly different from zero RII values obtained from one sample t-
tests (* P < 0.05, ** P < 0.01).  .......................................................................... 42 
Figure 2. Relative interaction indices (RIIs) with ±1SE confidence intervals for 
plant density of two dominant plant microsites in relation to open microsites at the 
peak of the growing seasons of 2011, 2012 and 2013 (vertical panels) at three 
desert locations (horizontal panels) along the Atacama Desert. Stars indicate 
significantly different from zero RII values obtained from one sample t-tests (* P 
< 0.05, ** P < 0.01).  .......................................................................................... 43 
 
Chapter 3 
Figure 1. Absolute differences along with standard errors between microhabitat 
conditions for two dominant plant microsites in relation to open microsites at noon 
(12 hrs.) during the growing season of 2012 (August-October) in Atiquipa, 
Southern Peru  .................................................................................................. 72 
Figure 2. Relative interaction indices (RII) along with ±1SE confidence intervals 
for species richness of two dominant plant microsites in relation to open 
microsites across the growing seasons of 2011 and 2012 in Atiquipa, Southern 
Peru. Left-hand panels correspond to 2011, and right-hand panels to 2012. Upper 
 	
xviii 
panels correspond to the 1 m2 microscale, mid panels to the 0.25 m2 microscale, 
and lower panels to the 0.0625 m2 microscale. Stars indicate significantly different 
from zero RII values obtained from one sample t-tests (* P < 0.05, ** P < 0.01) 
 .......................................................................................................................... 74 
Figure 3. Relative interaction indices (RII) along with ±1SE confidence intervals 
for plant density of two dominant plant microsites in relation to open microsites 
across the growing seasons of 2011 and 2012 in Atiquipa, Southern Peru. Left-
hand panels correspond to 2011, and right-hand panels to 2012. Upper panels 
correspond to the 1 m2 microscale, mid panels to the 0.25 m2 microscale, and 
lower panels to the 0.0625 m2 microscale. Stars indicate significantly different 
from zero RII values obtained from one sample t-tests (* P < 0.05, ** P < 0.01) 
 .......................................................................................................................... 75 
Figure 4. Principal Components Analysis (PCA) ordinations of the species 
composition of two dominant plant species and open microsites at different spatial 
micro-scales along the growing seasons of 2011 and 2012 in Atiquipa, Southern 
Peru. Points are centroids with bi-directional 95% confidence error bars. Results 
of two-way ANOVAs on the effects of microscale (S), microsite (M), and their 
interaction are shown in each panel: * P < 0.05, ** P < 0.01. Year: left-hand panels 
correspond to 2011, and right-hand panels to 2012. Month: upper panels 
correspond to September, mid-upper panels to October, mid-lower panels to 
November, and lower panels to December of their respective years  ............... 76 
Figure 5. Plot level species richness (left hand y-axis, bars) and standardized 
effect size (SES) values of the C-score (right hand y-axis, dots) with ±1SE 
 	
xix 
confidence intervals for two dominant plant microsites and open microsites 
across the growing seasons of 2011 and 2012 in Atiquipa, Southern Peru. Left-
hand panels correspond to 2011, and right-hand panels to 2012. Upper panels 
correspond to the 1 m2 microscale, mid panels to the 0.25 m2 microscale, and 
lower panels to the 0.0625 m2 microscale  ....................................................... 78 
 
Chapter 4 
Figure 1. Relative interaction indices (RII) ± 1SE for plant density of the target 
annual species from censuses at the peak of the growing season in Atiquipa, 
southern Peru. Stars indicate significantly different from zero RII values obtained 
from one sample t-tests (* P < 0.05, ** P < 0.01)  ............................................. 104 
Figure 2. Plant height (cm) + 1SE, fruit production (number of fruits. plant-1) + 1SE, 
and final biomass (g) + 1SE of two target annual species (Fuertesimalva peruviana 
and Plantago limensis) after an herbaceous neighborhood removal experiment 
(N+ = neighborhood intact, N- = neighborhood removed) conducted during two 
years in Atiquipa, southern Peru. Stars (*) indicate significant differences between 
removal treatments in a microhabitat (P < 0.05)  .............................................. 108 
Figure 3. Relative interaction indices (RII) ± 1SE for plant height, number of fruits. 
plant-1 (fruits), and final biomass of two target annual species (Fuertesimalva 
peruviana and Plantago limensis) after an herbaceous neighborhood removal 
experiment conducted during two years in Atiquipa, southern Peru. DN is the direct 
interaction of the neighbors, DC the direct interaction of the canopy, and IC is the 
 	
xx 
indicate significantly different from zero RII values obtained from one sample t-
tests (* P < 0.05, ** P < 0.01). P-values on each graph indicate the result of one-
way ANOVAs comparing RIIs for each species, with significantly different RIIs not 
sharing the same letter  ..................................................................................... 109 
 
Chapter 5 
Figure 1. Relative interaction indices for plant density of five annual plant species 
growing in open and understorey micro-habitats in Atiquipa, Southern Peru. Means 
and standard errors are shown  ........................................................................ 135 
Figure 2. Relative interaction indices (RII ± SE) for seed germination of five annual 
plant species collected in open and understorey micro-habitats. Seeds from both 
sources were germinated under simulated open and understorey conditions in 
growth chambers. (a) Final germination rates. (b) Numbers of days required to 
50% germination  .............................................................................................. 137 
 
Synthesis 
Figure 1. Location of the study sites along the Atacama Desert  ..................... 149 
Figure 2. Synthetic framework of the plant-plant interactions concepts examined 
in this project. Solid lines denote direct effects, dashed lines indirect effects, and 
the numbers between brackets indicate the chapter that included such concepts 
 .......................................................................................................................... 156 
 
 
 	
xxi 
Appendices 
Appendix 1. PRISMA Flow Diagram for the identification of studies included in the 
systematic review  ............................................................................................. 172 
Appendix 7. Absolute differences along with standard errors between microhabitat 
conditions for two dominant plant microsites in relation to open microsites at noon 
(12 hrs.) during the growing season of 2012 (August-October) in Atiquipa, 
Southern Peru. a. Differences in temperature (oC). b. Differences in relative 
humidity (%)  ..................................................................................................... 194 
Appendix 8. Vapor pressure deficit (VPD) along with standard errors for three 
microsites associated with two dominant plants and nearby open microsites at 
noon (12 hrs.) during the growing season of 2012 (August-October) in Atiquipa, 
Southern Peru. The three microsites correspond to the understory of C. spinosa 
and R. armata, and open nearby microsites. a. Overall averages per microsite; b. 
Seasonal trend according to Julian Day. VPD was calculated using Hartman 
(1994)’s equation based on Temperature (oC), and Relative Humidity (%)  ..... 195 
Appendix 11. Density (mean ± SE) of five annual species in open and understorey 
micro-habitats at Atiquipa, southern Peru. Asterisks denote statistically significant 
differences  ........................................................................................................ 198 
Appendix 12. Seed attributes of the five studied species. (a) Seed mass (± SE) in 
open and understorey micro-habitats. (b) Seed viability (± SE) using Tetrazolium 
tests for seeds collected in open and understorey micro-habitats. Asterisks denote 
statistically significant differences  .................................................................... 199 
 	
xxii 
Appendix 13. Final germination rates (± SE) for seeds of five annual species that 
were collected in two different micro-habitats (i.e. source: open and understorey, 
different line patterns) and germinated under two different simulated micro-habitat 
conditions (i.e. micro-habitat: open and understorey)  ...................................... 200 
Appendix 14. Numbers of days required to 50% germination (± SE) for seeds of 
five annual species that were collected in two different micro-habitats (i.e. source: 
open and understorey, different line patterns) and germinated under two different 
simulated micro-habitat conditions (i.e. micro-habitat: open and understorey)  201 
 
 	
1 
 
 
 
 
Chapter 1 
Indirect interactions in terrestrial plant communities 
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ABSTRACT 
Indirect interactions occur when the effect of one species on another is mediated by a 
third species. These interactions occur in most multi-species assemblages and are 
diverse in their mechanistic pathways. The interest in indirect interactions has increased 
exponentially over the past three decades, in recognition of their importance in 
determining plant community dynamics and promoting species coexistence. Here, we 
review the literature on indirect interactions among plants published since 1990, using a 
novel synthetic framework that accounts for and classifies intervening species and 
mechanisms within trophic networks. The objectives of this review are: (1) to identify the 
geographical regions and ecosystem types where indirect interactions have been 
examined; (2) to summarize the information on the number of trophic levels examined in 
studies of indirect interactions; (3) to test whether the frequency of indirect interactions 
varies across environmental gradients; and (4) to identify the experimental approaches 
most commonly used in studies of indirect interactions. Studies examining indirect 
interactions in plants have been conducted primarily in the Northern Hemisphere, with a 
focus on grasslands and forests. The majority of studies (67%) examined 2 trophic 
levels. Indirect facilitation and apparent competition are the interactions that have been 
most frequently examined, with the latter being reported more frequently in relatively 
productive environments. Other indirect interactions reported include associational 
resistance, exploitative competition or facilitation, shared defenses, and trophic 
cascades. Generally, field experiments tested indirect interactions based on single 
target species. While the majority of studies on indirect interactions dealt with basic 
ecology issues, several studies have dealt with such interactions in the context of 
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biological invasions (18%) and rangeland management (12%). This review allowed us 
identifying a number of research needs, including the study of non-feeding interactions 
and that for more realistic complex designs, explicitly testing indirect interactions across 
different trophic levels, in geographical regions that have been under-examined to date, 
and in stressful ecosystems.    
 
Keywords: Apparent competition; associational resistance; herbivory; indirect 
facilitation; multi-species interactions; systematic review; trait-mediated indirect effects.  
 
INTRODUCTION 
Net interactions between two species are the outcome of both direct and indirect 
effects of each species on the other (Bruno et al. 2003, Lortie et al. 2004, Callaway 
2007). While direct positive and negative plant interactions have received considerable 
attention (Aarsen 1992, Silvertown 2004, Schenk 2006, Callaway 2007, Brooker et al. 
2008), comparatively few studies have examined indirect interactions, possibly due to 
the challenges posed by the need to use sets of three or more species vs. those of 
testing pair-wise interactions (Strauss 1991, Wootton 1994, Callaway 2007).  
 
Indirect interactions occur when the strength or direction of interactions between 
two species changes in the presence of a third species (Strauss 1991, Wootton 1994, 
Callaway and Pennings 2000, Callaway 2007). For instance, plant-plant interactions are 
mediated by herbivores (e.g., Beguin et al. 2011, Vesterlund et al. 2012), pollinators 
(e.g. Moeller 2004), mycorrhizal fungi (e.g. Facelli et al. 2010), soil microbes (e.g. 
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Johnson et al. 2003), or another plant species (e.g. Schöb et al. 2013). Trait-mediated 
indirect effects can also occur when interactions among plants change the traits of the 
interacting species thereby altering interactions with other species at different trophic 
levels (Abrams 1995, Werner and Peacor 2003, Ohgushi et al. 2013).  
 
Indirect interactions occur virtually in all multi-species assemblages and can play 
an important role in the assembly and coexistence of species, and promote diversity in 
complex communities (Levine 1976, Miller 1994, Levine 1999) or in non-transitive 
interaction networks (Aarsen 1992, Brooker et al. 2008) by mitigating strong direct 
effects (Berlow 1999).  
 
A number of important hypotheses are associated with indirect interactions. 
These include commonly studied feeding interactions, yet most indirect effects 
correspond to non-feeding interactions (Kéfi et al. 2012). Indirect interactions include 
apparent competition, indirect facilitation, exploitative competition and facilitation, 
associational resistance, trophic cascades and shared defenses (see Table 1 for 
definitions of common terms and references). Apparent competition is defined as an 
antagonistic interaction that occurs when the effects of one plant species on the other 
are manifested through a common consumer such as an herbivore (Chaneton et al. 
2010, Recart et al. 2013). Indirect facilitation is defined as a positive interaction that 
occurs when the effects of one plant species on the other occur through a common 
competitor, as for example in networks of competing plants (Callaway and Pennings 
2000, Schöb et al. 2013). Plants can also mediate effects between consumers resulting 
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in apparent competition when an herbivore negatively alters the resource offer to other 
herbivores via changes in the phenotype of the plant (Kaplan et al. 2011), or conversely 
in indirect facilitation when these changes result in positive effects on the other 
herbivores (Vesterlund et al. 2012). When plants represent resources (e.g. seeds) 
without changing their phenotype the interaction is termed exploitative competition or 
facilitation (sensu Wootton 1994) depending on its outcome for the consumer species 
(Beard et al. 2013). Hence, indirect feeding interactions have been documented through 
a number of different mechanisms. 
 
Associational resistance is defined as a positive interaction in which the influence 
of one plant on the other decreases the likelihood of the beneficiary species being 
detected by a consumer (Barbosa et al. 2009). This occurs when palatable beneficiaries 
are associated closely with unpalatable species (Callaway et al. 2005, Graff et al. 2013). 
Shared defense occurs in a similar interaction context, but the nearby unpalatable 
species presents adaptations to repel herbivores such as spines (Vanderberghe et al. 
2009). Trophic cascades are strong interactions within food webs (Polis et al. 2000) and 
involve more than two trophic levels such as predators, herbivores and plants (Polis et 
al. 2000, Schmitz et al. 2000). These indirect interactions occur when plants change 
their resource offer (e.g. chemical composition) to herbivores that in turn affect their 
predators (Laws and Joern 2013). They can take place at the species or population 
level when a subset of the community is involved in the interaction, but also at the 
community level when they alter substantially the distribution of organisms or biomass 
of the entire system (Polis et al. 2000). Trophic cascades can also be conceptualized as 
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top-down or bottom-up, when regulation within the interaction is exerted by an upper-
level predator or the primary producers, respectively (Pace et al. 1999). 
 
Table 1. Main hypotheses tested regarding indirect interactions in terrestrial plants 
along with a concise definition and examples of reference articles.  
Hypotheses 
tested 
N (%) Definition Reference 
article(s) 
Apparent 
competition 
89 
(41.6) 
Antagonistic interactions occurring when the 
negative effects of one plant species on the other 
occur through a common consumer, such as an 
herbivore. Plants can also mediate these 
interactions through changes in their resource offer.  
Burger and 
Louda 
(1994); 
Recart et al. 
(2013) 
Indirect 
facilitation 
76 
(35.5) 
Positive interactions occurring when the positive 
effects of one plant species on the other occur 
through a common competitor. Plants can also 
mediate these interactions through changes in their 
resource offer. 
Callaway 
and 
Pennings 
(2000); 
Schöb et al. 
(2013) 
Exploitative 
competition 
and 
facilitation 
20 
(9.3) 
Negative or positive interactions occurring when two 
species interact through resource consumption 
where the resource is a plant species. 
Samson et 
al. (1992), 
Vesterlund 
et al. (2012) 
Associational 
resistance 
19  
(8.9) 
Positive interactions occurring when a palatable 
beneficiary is spatially clustered with nearby 
unpalatable species making it undetectable for 
herbivores.  
Mulder and 
Ruess 
(1998); Graff 
et al. (2013) 
Trophic 
cascades 
9 
 (4.2) 
Positive or negative interactions spanning more 
than two trophic levels. Plants mediate these 
interactions through changes in their resource offer 
(e.g. chemical composition) to herbivores that in 
turn affect their predators.  
Harri et al. 
(2008); 
Laws and 
Joern (2013) 
Shared 
defense 
1 
 (0.5) 
Positive interactions occurring when a palatable 
beneficiary is protected by a nearby unpalatable 
species with adaptations to repel herbivores. 
Vanderberg
he et al. 
(2009) 
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Two general frameworks have been proposed to conceptualize indirect 
interactions in ecology. Wootton (1994) proposed a framework to categorize these 
interactions using five hypotheses or mechanistic pathways: (1) interspecific 
competition, (2) trophic cascades, (3) apparent competition, (4) indirect mutualism via 
interference, and (5) indirect mutualism via exploitation. This framework characterizes 
indirect effects in terms of the mechanisms involved in the interaction, but fails to 
describe the function played by the intervening species. Alternatively, Callaway (2007) 
proposed six forms of positive indirect interactions focusing on plants and on the 
intervening organisms: (1) herbivore mediated interactions, (2) reproductive feedback 
and pollinator interactions, (3) disperser mediated interactions, (4) mycorrhizae 
interactions, (5) microbe interactions and (6) interactions involving competing terrestrial 
plants. While useful, these classification systems do not allow to distinguish between 
multiple mechanisms that can operate simultaneously, particularly for non-trophic 
interactions such as plant competition or facilitation (Kéfi et al. 2012), and provide only 
partial depictions of the networks of conceptual effects within a community because 
mechanistic pathways or intervening organisms are considered, but not an integration of 
both sets of elements. 
 
The study of indirect interactions may provide important information on ecological 
and evolutionary processes, yet, appreciation of the full scope of their impacts is limited 
(Wootton 2002, Brooker et al. 2008, Allesina & Levine 2011, McIntire and Fajardo 
2014). The primary purpose of this study is to summarize and contextualize the 
research on indirect interactions within the proposed framework as a mechanism that 
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may contribute to the development of ecological theory. The following specific 
objectives were addressed using a systematic review: (1) to identify the geographic and 
ecosystem extent of indirect interactions in terrestrial ecological communities; (2) to 
summarize the information on the number of trophic levels studied when examining 
indirect interactions in different ecosystems; (3) to determine whether the frequency of 
indirect interactions varies across large environmental gradients, and (4) to describe 
and compare the most common experimental designs and statistical techniques used to 
examine indirect interactions in plant communities. 
 
To review the recent literature (i.e. within the last 25 years) on indirect 
interactions, we classified indirect interactions based on a novel conceptual framework 
that synthesizes previous research efforts. Our framework explicitly incorporates 
interacting species and their hypothesized interactions both within and across trophic 
levels (Fig. 1) and provides a more comprehensive view of indirect interactions nested 
within trophic relationships. This framework includes non-feeding interactions as 
proposed by Kéfi et al. (2012) such as indirect facilitation or trait-mediated indirect 
interactions. 
 
METHODS 
To review the field of indirect interactions in terrestrial plants we conducted a systematic 
review of the literature published between 1990 and July 2014 using the ISI Web of 
Science (WoS), Scopus, and Google Scholar. We used a combination the following 
keywords: “indirect”, “plant”, “interaction”, “competition”, “facilitation”. The first three 
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words were used together in combination with the last two words in separate queries 
(i.e. indirect* plant* interaction* competition OR indirect* plant* interaction* facilitation). 
We included literature published over the past 25 years as the study of indirect 
interactions is relatively young and indirect effects are clearly defined (Wootton 2002). 
However, we recognize the existence of previous articles examining indirect interactions 
even with different terminology predating this window of publications but focused on 
papers that clearly describe the same set of processes. 
 
We identified 490 research articles obtained from the WoS, which were screened 
in order to assess their relevance. Searches in both Scopus and Google Scholar were 
conducted to complement the WoS search (Appendix 1). The following inclusion criteria 
were used: (1) studies explicitly dealing with indirect interactions in terrestrial 
ecosystems (i.e. 3 or more species reported in the interaction); (2) studies describing 
the results of experiments specifically designed to test effects of indirect interactions 
versus proposals of indirect interactions in discussion; and (3) primary empirical 
research reported (i.e., not reviews). Papers complying with these criteria were 
processed to extract data on (1) type of interaction tested; (2) number of species tested 
as targets, where target is defined as the species on which measurements of 
performance were taken; (3) role of the species involved in the interaction considering 
not only target species, but also species that were removed or mentioned by the 
authors as members of the interaction; (4) type of experiment and number of field sites; 
(5) type of ecosystem and geographical location of the study; and (6) type of 
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measurements and statistical analysis performed. These characteristics provide a 
thorough assessment of the scope of the literature to date. 
 
 
Figure 1. Synthetic framework for indirect interactions in plant communities showing the 
frequency of hypotheses tested to date. This framework nests hypotheses into a trophic 
chain while aggregating the models of Wootton (1994) and Callaway (2007). It also 
depicts a hypothetical relationship where higher complexity of interactions would be 
supported in more productive and benign environments. Dashed lines indicate indirect 
effects, solid lines represent direct interactions, and dotted lines indicate future 
directions for studies. 
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A total of 214 articles published in 53 different journals were included in this 
review (Appendix 2). The majority of studies (49%) were published in the last 5 years 
(2009-2014). Two journals published several studies on indirect interactions (Ecology: 
19%; Oecologia: 13%), while 28 journals published only a single article on indirect 
interactions for terrestrial plants. 
 
A regression model was fit to the number of publications per year, and 
contingency table and chi-square analyses were used to test for biases in the 
distribution of the number of studies associated with particular hypotheses, geographic 
regions, ecosystem types, trophic structures and number of target species tested. Using 
the proposed framework, studies were categorized following three general categories: 
plant-plant, plant-animal, and plant-pollinator interactions. We included plant-pollinator 
interactions in a different category from plant-animal interactions because the former 
represents non-feeding interactions (Kéfi et al. 2012).  
 
RESULTS 
The number of publications on this topic has increased exponentially within the last 25 
years (r2 = 0.78, p < 0.01). The majority of studies were conducted in the Northern 
Hemisphere (85%, χ2 = 105.1, p < 0.01) with a high number of publications originating 
from North America and Europe (Fig. 2), while indirect interactions in South America, 
Africa, Asia, and the tropical regions have been understudied (or at least under-reported 
in the peer-reviewed literature) (Fig. 2, Appendix 3). Indirect interactions have been 
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most frequently examined in forests and grasslands (45.3% of studies), while 
comparatively few studies have been conducted in stressful ecosystems such as 
deserts, alpine ecosystems, and salt marshes (Fig. 3, χ2 = 195.1, p < 0.01). 
 
 
Figure 2. Geographical distribution of studies on indirect interactions involving terrestrial 
plants. 
 
The majority of studies on indirect interactions have focused on plant-animal 
interactions (70%), followed by studies dealing with plant-plant (20%) and plant-
pollinator (10%) interactions (χ2 = 130.6, p < 0.01). Six main hypotheses on indirect 
interactions have been tested (Table 1). Apparent competition and indirect facilitation 
have been most frequently tested to date (χ2 = 195.1, p < 0.01). Apparent competition 
has been more frequently tested in relatively productive environments such as forests 
(χ2 = 46.6, p < 0.01) and grasslands (χ2 = 20.7, p < 0.01), or under high resource levels 
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in controlled experiments (χ2 = 29.7, p < 0.01). On the other hand, positive effects such 
as indirect facilitation and associational resistance were not more frequently reported in 
less productive environments such as alpine ecosystems (χ2 = 2, p = 0.57), deserts (χ2 
= 1.7, p = 0.43) and salt marshes (χ2 = 5.7, p = 0.06) (Fig. 3a). 
 
The majority of studies dealt with two trophic levels across all ecosystem types 
(Fig. 3b, χ2 = 114.8, p < 0.01), but more complex studies included three levels in more 
productive environments such as agricultural ecosystems, forests, and grasslands (Fig. 
3b). The method most frequently used was the single-target approach (37.7%, χ2 = 
100.6, p < 0.01), and 75% of studies examining indirect interactions used less than five 
target species (Fig. 3c). There is no clear trend between ecosystem productivity and the 
number of target species utilized (Fig. 3c), although significatively more single-target 
studies were reported from agricultural systems (χ2 = 10.1, p = 0.02), grasslands (χ2 = 
51.9, p < 0.01), and under greenhouse/laboratory conditions (χ2 = 22.9, p < 0.01).  
 
Most studies were conducted in the field (75%, χ2=166.3, p < 0.01) and were also 
manipulative (73%, χ2 = 154.1, p < 0.01) (Appendix C). Single-site approaches were 
used in 74% of field conducted studies (χ2 = 731.8, p < 0.01), while studies reporting 
research from more than five field sites were particularly rare (11% of field studies). 
Experimental studies conducted exclusively in laboratories and/or greenhouses 
represented 15% of the total articles analysed in this review. 
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Figure 3. Distribution of studies according to ecosystem type: a) type of interaction 
tested (trophic chain (TC), shared defense (SD), associational resistance (AR), indirect 
facilitation (IF), exploitative competition of facilitation (ECF), and apparent competition 
(AC)); b) number of trophic levels studied; c) number of target species tested. Asterisks 
(*) denote significative differences between groups (p<0.05). 
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DISCUSSION 
Indirect interactions are very frequent mechanisms and can play an important 
role in the coexistence of species and in promoting species diversity (Brooker et al. 
2008, McIntire and Fajardo 2014). Indirect interactions provide stabilizing effects within 
communities when they co-occur with and influence direct interactions with opposing 
effects (Berlow 1999), or within intransitive interacting species networks (Miller 1994, 
Levine 1999, Allesina and Levine 2011). Indirect interactions occur at multiple trophic 
levels producing higher complexity than in single trophic levels thus also affecting 
ecosystem functioning (Duffy et al. 2007). The influence of indirect interactions can thus 
scale from population to ecosystem-level impacts. 
 
This systematic review is the first to formally synthesize the literature on indirect 
interactions in terrestrial plant communities, providing a quantitative summary of the 
scope of published research on the topic to date. Despite the potential limitations of 
knowledge synthesis tools such as publication bias or the “file drawer problem” (Fanelli 
2012), this review has allowed us identifying the major research gaps in this field and 
provides directions for future research.  
First, we showed a clear geographic and ecosystem bias, with the majority of 
studies being conducted in North America and Europe, and in mesic ecosystems, 
consistent with trends found for ecological research in general (Martin et al. 2012). 
Indirect interactions have, however, been reported in most geographic regions and 
ecosystems in the world, and new studies from regions and ecosystem types that have 
been under-examined can provide important insights into the mechanisms and 
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processes underlying indirect interactions. In particular, tropical and arid environments 
provide excellent opportunities for research on indirect interactions, as they maintain 
high biodiversity, their evolutionary speed is high compared to temperate regions (see 
Hillebrand 2004, Ward 2009), and they are important determinants of global 
biogeochemical processes (Millennium Ecosystem Assessment 2005). 
 
The organizational framework proposed in this study (Fig. 1) effectively 
contextualized the current state of research through an explicit visualization of all logical 
pathways of indirect interactions occurring in plant communities. This allowed us to 
pinpoint specific pathways that have received considerable attention within the literature 
to date. The majority of studies have examined plant-animal feeding interactions to test 
hypotheses including apparent competition between plants mediated by a common 
consumer (Burger and Louda 1994, Recart et al. 2013) and positive effects that result 
from herbivore protection, such as associational resistance or shared defenses 
(Vandenberghe et al. 2009, Graff et al. 2013). Studies dealing with interactions 
exclusively among at least 3 plant species are relatively scarce (21% of the studies 
analyzed). These interactions at the base of the trophic structure have the capacity to 
influence overall plant diversity (Tielbörger and Kadmon 2000, Cuesta et al. 2010) and 
community composition by mitigating the effects of strong competitors and facilitating 
coexistence in networks of competing plants (Callaway and Pennings 2000, Schöb et al. 
2013). Plant-pollinator interactions have received the least attention (ca. 10% of studies 
analyzed) and have mainly tested hypotheses of plant-plant facilitation through shared 
pollinators (Johnson et al. 2003, Moeller 2004), although negative effects between 
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invasive plant species and native species have also been tested (Morales and Traveset 
2009, Gibson et al. 2012). New research efforts should address the reported gaps and 
focus on indirect effects exclusively among plants and on non-feeding interactions such 
as plant-pollinator effects taking into consideration the main pathways identified within 
the organizational framework in order to design more comprehensive studies. 
 
Less studied interactions include indirect effects mediated through plant 
phenotypic plasticity (i.e. trait-mediated indirect effects) in response to two or more 
herbivores (Kaplan et al. 2011), or even more complex effects scaling-up in the trophic 
chain to predators (Harri et al. 2008, Laws and Joern 2013). Plastic responses of plant 
species to multiple environmental factors or other species have been demonstrated to 
be prevalent on natural communities (Werner and Peacor 2003, Miner et al. 2005), 
hence their incorporation on studies of indirect interactions is critical. Plasticity adds a 
new layer of complexity to the study of indirect interactions as different phenotypes may 
interact in a different way with other species (Abrams 1995, Utsumi et al. 2010). 
Tracking the effects of plasticity scaling-up in the trophic chain to herbivores and 
predators (Fig. 1) can be accomplished by studying different populations across the 
range of the target species or by manipulating environmental conditions in order to 
extend the limits of plastic responses. Plastic responses can be either beneficial or 
costly to the target plant, given that one herbivore or other plant may increase or 
decrease the interaction with a subsequent herbivore or plant (Valladares et al. 2007), 
and this should be accounted for in further studies. 
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Plant local adaptation can also influence indirect effects given that different 
genotypes may interact differently with other plants or herbivores, which also have 
important evolutionary consequences by altering the pattern of fitness interactions 
between genotypes (Biere and Tack 2013). The incorporation of local adaptation to 
indirect interactions studies is crucial for the development of evolutionary theory as it 
might be responsible of co-evolutionary processes, additional spatial and temporal 
variation and ultimately affect the strength and direction of natural selection (Fordyce 
2006). Moreover, intra-specific variability, either as a result of plasticity or different 
genotypes derived from local adaptation, should be incorporated into indirect 
interactions studies because of its ecological consequences (see Aschehoug and 
Callaway 2014), and also because of its evolutionary consequences. The latter are built 
upon the amount of genetic variability and how this is transferred vegetatively to other 
individuals, or sexually to the next generations. 
 
Studies reporting negative indirect effects were more frequent in mesic 
environments, while studies reporting positive indirect effects in extreme ecosystems 
too limited in empirical scope to explore the opposite trend. This nonetheless provides 
partial support for the stress gradient hypothesis (Bertness and Callaway 1994), which 
postulates that positive effects should be more common under highly stressful biotic or 
abiotic conditions, while competitive interactions should be more common in relatively 
more benign environments. A viable set of hypotheses is that more complex chains of 
interactions should be supported in more benign and productive environments given 
that more resources are available to spread through the trophic chain, or that indirect 
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effects resulting from non-feeding interactions with a lower energetic cost (e.g. 
herbivore protection, pollination) should be more frequent in less productive or more 
stressful ecosystems (Fig. 1). Testing these hypotheses requires more information on 
indirect interactions in regions and ecosystems that have been under-examined to date. 
The assessment of the conditionality and context-dependence of indirect interactions 
will require testing indirect interactions along regional and environmental gradients, and 
thus developing studies to be undertaken at multiple sites. 
 
Research on indirect effects may have been limited by difficulties in testing the 
mechanisms that may be involved in these interactions (Callaway 2007) and that 
specific literature on the design of experiments aimed at examining indirect interactions 
is relatively scarce. Strauss (1991) proposed the following two basic designs to assess 
indirect interactions: (1) removal or exclusion experiments that manipulate species with 
supposed strong effects in the community, and (2) construction of artificial communities 
using density as a variable to determine non-linear responses. The first design, the 
most commonly used to date (e.g. Callaway and Pennings 2000, Tielbörger and 
Kadmon 2000, Cuesta et al. 2010), has the limitation of assessing only the effects of the 
removed or excluded species at their naturally occurring density that can be solved by 
manipulating that factor (second design) or by replicating the experiment in different 
years. Importantly, the majority of these approaches used are to date based on a 
relatively restricted number of target species - usually one. This highlights the need for 
multiple target-species designs to better examine networks of interactions common in all 
communities, as even weak effects of species interactions might be important for the 
 	
20 
structure of naturally occurring assemblages (Berlow 1999). New protocols that include 
removals or exclusions embedded in the manipulation of other factors should be 
designed. Ecologists should move beyond the single-target approach and consider the 
proposed framework as a model for structuring future experiments. 
 
Because of the importance of indirect interactions as a mechanism of species 
coexistence and in the assembly of plant communities, the study of indirect interactions 
can have important implications in the control of invasive species, both in natural and 
agricultural ecosystems. Studies dealing with invasive species represented 18% of the 
publications analyzed in this review. In general, exotic species introduced outside their 
native range mostly experience direct interactions, but also become members of large 
networks of resident species interacting through indirect pathways at different trophic 
levels (Mitchell et al. 2006). Indirect effects may play an important role in determining 
the successful establishment and spread of invasive plants or the resistance of native 
plant communities to plant invasions (White et al. 2006). The release from natural 
enemies has long been considered as a mechanism promoting the successful 
establishment of invasive species and explaining their superior performance in their 
non-native range (Keane and Crawley 2002; Enemy Release Hypothesis). The release 
from specialized herbivores could also result in the selection for an increased 
competitive ability in alien plants (Evolution of Increased Competitive Ability hypothesis; 
Blossey and Nötzold 1995, Callaway and Ridenour 2004) with positive effects on seed 
production. However, exotic species can also acquire new enemies that negatively 
impact seed production and/or seed mortality (Vanhellemont et al. 2014). Indirect 
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interactions, such as apparent competition, may provide invasive plant species with a 
competitive advantage over native species (Marler et al. 1999, White et al. 2006, Orrock 
et al. 2008). For instance, invasive plants can indirectly outcompete natives by 
increasing the pressure of shared consumers on native plants (Dangremond et al. 2010, 
Recart et al. 2013). However, they can also contribute to the maintenance of native 
diversity through the reduction of consumer pressure when unpalatable invasive plants 
provide refuges from herbivory to native plants (Atwater et al. 2011). Competition for 
shared pollinators may also affect the outcomes of the introduction of exotic plants. 
Exotic species have been reported to reduce pollination of native plants by attracting 
more pollinators (Morales and Traveset 2009, Gibson et al. 2012), however at early 
stages of invasion, native plant communities are able to tolerate these competitive 
effects via changes in the plant-pollinator network (Kaiser-Bunbury et al. 2011). 
 
The effects of invasions on higher trophic levels via increases in herbivore 
populations may also be important, but to date have been rarely studied (but see Lau 
2013). Indirect effects have also been examined to improve our understanding of the 
efficacy of the use of biocontrol agents to control invasive populations, with studies 
showing that the presence of alternative hosts decreased the effectiveness of biological 
control, while increasing the richness of a particular guild of natural enemies can reduce 
the density of a widespread group of herbivorous pests and increase crop yields 
(Cardinale et al. 2003). Overall, the importance of indirect interactions relative to direct 
interactions, such as resource competition, in promoting successful invasions is largely 
unknown (Gioria and Osborne 2014, but see Palladini and Maron 2013). Additional 
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studies are required to examine the role of indirect interactions in promoting plant 
invasions and how indirect effects may be manipulated to control plant invasions. 
 
The effects of indirect interactions may also have important implications in 
rangeland management. Studies dealing with this topic represented 12% of the 
literature included in this review, and show that the incorporation of indirect effects into 
management is important to develop best practices. Grazers in general, and particularly 
livestock, can alter plant community composition through indirect effects when palatable 
plants associate with unpalatable plants (Callaway et al. 2005, Graff et al. 2013), or can 
exert strong control on plant communities through direct and indirect effects (Beguin et 
al. 2011, Versterlund et al. 2012). Future studies should address the mechanistic 
pathways of herbivore effects on plant communities in order to better inform 
management practices. 
 
Importantly, the effects of climate change on the net outcome of indirect 
interactions are still largely under-explored (Brooker 2005, McIntire and Fajardo 2014) 
and have only been studied once in the literature included in this review (see Auer and 
Martin 2013). This represents a critical gap as new climate regimes will change the 
physiology and fitness of plants (Kirschbaum 2004, Brooker 2005), which in turn will 
change the intensity and importance of indirect effects as they propagate through 
trophic structures (Woodward et al. 2010). Moreover, the potential effects of other global 
changes, such as changes in nutrient cycling and fragmentation, on indirect interactions 
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should be examined to develop better models projecting future community composition 
and ecosystem functioning. 
 
CONCLUSIONS 
Here, we proposed a synthetic framework that allows for a more readily 
characterization of direct and indirect effects within networks and encourages more 
effective examinations of causality. This synthetic framework can then be used for the 
interpretation of the available literature, the design of new studies and the development 
of ecological theory improving our ability to understand species interactions by better 
addressing all the players within an ecosystem together rather than in isolation. Overall, 
this framework is an important contribution to the literature as it identifies dominant 
pathways of indirect effects, assists in the determination of relevant players and casual 
relationships in a network of interactions, and highlights the importance of interactions 
at the plants trophic level as they drive the dynamics of plant communities and 
ecosystems.  
 
The most frequently studied indirect interactions to date were consumer-
mediated indicating that non-feeding interactions such as plant trait-mediated 
interactions, interactions within networks of competing plants, and trophic cascades 
need to be incorporated into research in this field. Experimental approaches were also 
relatively limited because studies commonly used single target species and single study 
sites. Incorporating multiple study sites along regional and environmental gradients will 
allow for a better understanding of the context-dependency of indirect interactions, as 
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well as the potential effects of plasticity and adaptation of plant species on indirect 
interactions. By complementing this systematic review with a conceptual framework 
illustrating all possible interaction pathways, a number of gaps were identified and 
recommendations for future studies on indirect effects were made. Even for the most 
studied consumer-mediated interactions, additional information on their relationship with 
environmental gradients is required and can be important to predict the effects of global 
changes on the direction and intensity of indirect interactions. Future studies should 
also assess the relative importance of indirect interactions in comparison to that of 
direct interactions. If environmental conditions have the potential to alter competitive 
hierarchies or physiological/phenotypic responses between interacting plants (Brooker 
2005) or even at higher trophic levels, an improved understanding of their effects and 
scope in a wide range of biomes represents a critical step forward to predict community 
responses to global change drivers and develop appropriate strategies to maintain 
ecosystem services perhaps capitalizing on networks of interacting species. 
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ABSTRACT 
Positive plant interactions are most frequent under stressful environmental 
conditions. However, it has been recently proposed that positive interactions can 
collapse at extremely high levels of stress within these environments. This hypothesis is 
controversial. We examined the geographical and temporal drivers of positive plant 
interactions as environmental stress increased spatiotemporally within the Atacama 
Desert. Three independent study regions were surveyed for three years to test the 
following specific predictions: 1) the frequency of facilitation will increase with 
environmental severity (spatial) but collapses at the most stressful conditions, and 2) 
the frequency of facilitation will increase in more severe growing seasons (temporal) 
within a region but will also collapse in relatively extreme years. The intensity of positive 
interactions was also examined in each instance.  Within each desert region, we 
surveyed a total of five sites along regional elevation gradients during three consecutive 
years of increased drought. Plant density and species richness were surveyed under 
dominant plants and adjacent, open microsites. There were no significant differences in 
interaction intensity or frequency within the elevational gradients sampled in each 
region. Positive interactions however decreased in intensity and frequency between 
regions at the most arid regions suggesting spatial collapse of plant facilitation at larger 
scales within the Atacama Desert. Increased temporal stress through drought increased 
the intensity and frequency of facilitation only in the ‘least’ environmentally stressed 
region sampled. Increased temporal stress did lead to collapse in the two more extreme 
regions supporting the prediction that combined spatiotemporal stressors are important 
in desert plant communities. These findings show that spatiotemporal variation in stress 
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is a component of positive plant interactions and thus likely fundamental to community 
assembly and resilience. 
 
Keywords: coexistence, collapse, facilitation, functional group, net interactions, North-
Central Chile, nurse plant, positive interactions, species specificity, stress gradient 
hypothesis, Southern Peru, temporal scale, competition. 
 
INTRODUCTION  
Plant communities are shaped by a variety of drivers. Biotic interactions can act 
as filters that determine whether species persist within a given environment in concert 
with abiotic limitations (Brooker et al. 2008, Lortie et al. 2004, McIntire & Fajardo 2014). 
The effects of positive interactions (facilitation) have been well documented and include 
recruitment, growth, and spatial associations of beneficiary species (for comprehensive 
reviews see: Bruno et al. 2003, Flores & Jurado 2003, Callaway 2007, Brooker et al. 
2008, Filazzola & Lortie 2014). Moreover, positive interactions have the potential to 
drastically change ecosystems (Xu et al. 2015) or promote divergent evolutionary 
dynamics (Kefi et al. 2008). Nonetheless, the intensity if not importance of facilitation 
can in turn be expressed through traits, distributions, and population dynamics of the 
intervening species (Maestre et al. 2003, Soliveres et al. 2010, Tielbörger & Kadmon 
2000, He et al. 2013). The Stress Gradient Hypothesis (SGH) proposes a monotonic 
increase of the frequency of positive interactions with increasing stress (Bertness & 
Callaway 1994). Several syntheses have examined the spatial component of this 
hypothesis on gradients from regional to global scales (Maestre et al. 2005, Lortie & 
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Callaway 2005, He et al. 2013, Soliveres & Maestre 2014). Temporal variation in 
environmental stress is less studied (Tielborger & Kadmon 2000, Miriti 2007, Soliveres 
et al. 2010, Biswas & Wagner 2014). Even fewer instances concurrently examined the 
spatial and temporal dynamics of facilitation (Soliveres & Maestre 2015). The 
complexity of positive interactions does not end there. The traits of benefactor species 
can also mediate the outcome via indirect effects such as herbivore protection or 
interactions with pollinators (Barbosa et al. 2009, Sotomayor & Lortie 2015). Examining 
each component separately is a valid building block for the concept of facilitation in 
plant communities, but an integrated experiment, even mensurative, on stress gradients 
through time and space is an important empirical alternative to regional synthesis tests 
of this hypothesis. 
 
Plant facilitation has been frequently studied within stressful ecosystems. In arid 
environments, dominant plants such as shrubs or trees frequently nurse a high density 
of understory plant species (Franco & Nobel 1989, Flores & Jurado 2003, Filazzola & 
Lortie 2014). The more benign conditions within the canopy of these plants (Franco & 
Nobel 1989, Callaway 2007, Pugnaire et al. 2011) increases the local species pool due 
to microclimatic amelioration in key environmental factors (Pugnaire et al. 1996, 
Tielbörger & Kadmon 2000b, Flores & Jurado 2003, Filazzola & Lortie 2014). However, 
it has been recently proposed that there is a limit to the capacity of dominant plants to 
facilitate within extremely harsh environments. The facilitation collapse hypothesis as it 
has been termed has been debated (Maestre et al. 2005, Lortie & Callaway 2005, 
Michalet et al. 2013, Lopez et al. 2013, Pugnaire et al. 2015). The first formulation of the 
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SGH predicted a monotonic increase in the intensity of positive interactions with 
increased environmental stress, but Michalet et al. (2006) detected that positive effects 
decreased towards the most stressful end of an environmental gradient. Resource 
limitation at extremes are proposed to become more important than positive interactions 
and leads to collapse (Michalet et al. 2014a). Collapse has been supported empirically 
for arid environments (Maestre et al. 2005, 2006, Miriti 2006). However, several 
syntheses of the SGH did not detect a collapse on very large-scale gradients (Lortie & 
Callaway 2006, Lopez et al. 2013, He et al. 2013). There are numerous explanations, 
and the purpose of this study is not to engage in this debate but to use these ideas to 
examine this new, extended hypothesis of the SGH for a set of desert environments and 
address some of the broad research gaps in plant facilitation research. Importantly, 
most tests of both hypotheses have been conducted with spatial stress gradients (but 
see Miriti 2007, Biswas & Wagner 2014) and often with intensity and not frequency as 
proposed by the hypotheses. Hence, shifts in the intensity and frequency of positive 
interactions through time and on more extreme gradients within ecosystems are novel 
and critical advancements for theory and potential community resilience. 
 
Extreme stress can lead to dominant plants not being able to provide positive 
effects for understory communities. A decrease in the intensity of positive effects 
provided by dominant plants can, in turn, reduce the frequency of positive effects and 
impact overall species richness and community structure. We used a regionally 
replicated, multi-year observational study within the Atacama Desert to test for a 
collapse of plant facilitation at extremes with relatively extreme levels of stress in both 
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space and time. We examined the following predictions: 1) the frequency and intensity 
of facilitation will increase as environmental severity increases at both the regional and 
whole desert level (spatial prediction), but it will collapse at extremely stressful 
conditions; and (2) the frequency and intensity of facilitation will increase when year-to-
year environmental conditions increase environmental severity (temporal prediction), 
but extreme temporal stress (drought) will lead to a collapse of positive interactions. 
This ecosystem is one of the most arid deserts in the world (Ward 2009) and thus a 
perfect candidate to explore the context dependency of facilitation and possible 
collapse.   
  
METHODS 
Desert localities and study sites  
The Atacama Desert includes the tropics and subtropics along the Pacific coast 
of South America. Within this desert, we studied 3 independent regions - Atiquipa in 
Southern Peru and Romeral and Fray Jorge in North-Central Chile (Table 1). All three 
regions are coastal deserts with a wet winter season between July and November 
typically characterized by high moisture due to fog (about 90% on average). 
Approximately 70% of the mean annual rainfall occurs between these winter months 
(Novoa & Lopez 2001, Sotomayor & Jimenez 2008). The long-term annual rainfall mean 
is 185 mm at Atiquipa (Sotomayor & Jimenez 2008), 124 mm/year at Romeral (Almeyda 
1950), and 130 mm at Fray Jorge (Madrigal et al. 2011) (Table 1). All years sampled 
had annual rainfall below the mean with drought increasing by year sampled (Table 1). 
Aridity conditions are lower at Atiquipa due to the amelioration provided by the high 
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humidity present (fog) especially during the growing season with more than 40 l/m2/day 
of fog captured in a fog-meter in that time period (Sotomayor & Jimenez 2008). Fog is a 
major determinant of plant community structure in similar environments (Stanton et al. 
2014). Both Romeral and Fray Jorge occur at lower elevations where fog is less 
important (Rundel et al. 1991). The plant community at each desert locality includes a 
few large woody species (i.e. mainly shrubs and trees) and a diversity of herbaceous 
plants wherein annuals are the most common life form (Marticorena et al. 2001, 
Sotomayor & Jimenez 2008).  
 
Within each desert region, we selected five sites (100 x 100 m) separated by at 
least 2 km but no more than 5 km. These sites corresponded to an elevation gradient 
within each region (Table 1). This selection was supported with a previous field survey 
along the extension of each region (Appendix 4). That survey systematically sampled 1-
km grids using one 20 x 20 m quadrat per grid to determine plant cover and species 
composition within each of these grids (Sotomayor & Lortie 2016). These data were 
then combined with climate data from WorldClim (Hijmans et al. 2005) and used to 
quantitatively determine the study plots. By combining ground-truthed data with climate 
parameters (e.g. temperature, precipitation, and seasonality) via multivariate statistics 
(i.e., direct ordination analyses), we were able to estimate environmental gradients 
within our field site (Lortie 2010).  
 
Dominant plants and vegetation surveys 
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We chose two dominant perennial woody species at each site (Table 2). At each 
site, we surveyed one dominant plant with spines and one without. In Atiquipa, we 
sampled the understories of Caesalpinia spinosa Molina (Kuntze) and Randia armata 
(Sw.) DC.; at Romeral, we surveyed Haplopappus parvifolius (DC.) Gay, Flourensia 
thurifera (Molina) DC., and Senna cumingii (Hook. Et Arn.) H. S. Irwin & Barneby 
(Fabaceae); and at Fray Jorge, we surveyed Porlieria chilensis I. M. Johnst., Gutierrezia 
resinosa (Hook. Et Arn.) S. F. Blake, Pleocarphus revolutus D. Don, F. thurifera and S. 
cumingii. 
 
During three growing seasons (2011, 2012 and 2013), we surveyed triplets 
comprising of one plot located in the understory of each of two dominant species and a 
plot in open nearby spaces. Plots were 0.25 m2 in size. At each site in Atiquipa, we 
surveyed 10 triplets, and in the Chilean sites, we surveyed 8 triplets per site. Microsites 
within each triplet were separated from each other by ca. 2m, and each set of replicate 
samples was separated from each other by at least 5m. The abundance of each of the 
species within the plots was recorded and used to calculate total plant species 
abundance and richness. The strength of the effect of dominant plants on species 
richness and plant density was estimated using the Relative Interaction Index (RII) 
calculated as follows (Armas et al. 2004): 
 Du - Do 
                                                    RII =                                          (1) 
  Du + Do 
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The terms Du and Do corresponded to the density of plants in understory and 
open microsites, respectively. This index varies from -1 to +1 with positive effects being 
> 0 and negative effects < 0 on the density of these species. 
 
Table 1. Study sites within each desert region along with their climatic characteristics. 
De Martonne AI was calculated using mean annual temperature and annual 
precipitation extracted from WorldClim (Hijmans et al. 2005) for each site. Rainfall data 
are means and annual totals within brackets. * mean data from Sotomayor & Jimenez 
2008 for Atiquipa, and yearly data from a local weather station; mean data for Romeral 
from Almeyda 1950, for Fray Jorge from Madrigal et al. 2011, and annual data from 
www.ceazamet.cl.  
Region Rainfall 
(mm/year)* 
Site Geographical 
location (LS, LW) 
Elevation 
(m) 
DeMartonne 
AI 
Atiquipa 185 (167.3, 
137.4) 
1 15.763 74.369 741 0.177 
 2 15.785 74.392 921 0.141 
  3 15.774 74.385 1042 0.179 
  4 15.732 74.372 1092 0.403 
  5 15.748 74.388 1124 0.288 
Romeral 124 (114.9, 
70.7, 39.8) 
1 29.808 71.274 32 3.108 
 2 29.783 71.262 109 3.173 
  3 29.763 71.254 170 3.185 
  4 29.781 71.245 150 3.145 
  5 29.769 71.216 335 3.319 
Fray Jorge 130 (160, 
62.1, 75.6) 
1 30.705 71.636 61 4.808 
 2 30.694 71.633 127 5.000 
  3 30.678 71.646 145 4.903 
  4 30.658 71.665 229 5.118 
  5 30.647 71.661 258 5.238 
 
 
 
 	
39 
Table 2. Dominant plant species surveyed along the Atacama Desert in Southern Peru 
and North-Central Chile. Traits presented include plant height (m), life form, presence of 
thorns (thorniness), and the site where each species was sampled. * denotes endemic 
species (Marticorena et al. 2001). 
Species Family 
Height 
(m) 
Life 
form Thorniness Site 
Caesalpinia 
spinosa Fabaceae 4-5 tree No Atiquipa 1-5 
Randia armata Rubiaceae 2-3 shrub Yes Atiquipa 1-5 
Happlopappus 
parvifolius* Asteraceae 3-4 shrub Yes Romeral 1-5 
Flourensia 
thurifera* Asteraceae 2-3 shrub No 
Romeral 2,4; Fray 
Jorge 4 
Senna cumingii* Fabaceae 3-4 shrub No 
Romeral 1,3,5,;Fray 
Jorge 5 
Porlieria 
chilensis* 
Zygophylla
ceae 4-5 shrub Yes Fray Jorge 1-4 
Gutierrezia 
resinosa* Asteraceae 1-2 shrub No Fray Jorge 2,3,5 
Pleocarphus 
revolutus* Asteraceae 1-2 shrub N0 Fray Jorge 1  
 
Statistical analyses  
Plant density and species richness estimates were analyzed separately per desert 
locality using Generalized Linear Mixed Models (GLMMs) with microsite (3 levels, dominant 
plant species collapsed by their presence or absence of thorns, and the open microsite) and 
gradient (5 levels) as fixed factors in a fully factorial design, and year as a repeated measures 
variable (random factor, 3 years) (Bates et al. 2015) (Appendix 5 and 6). As RIIs represent 
effect size measurements, a single GLMM was used per response variable (i.e. RIIspecies 
richness and RIIplant density) that included desert locality (3 levels), dominant plant (2 levels) and 
gradient (5 levels) as fixed factors in a fully factorial design. In these models, year was treated 
as a repeated-measures effect (random variable). Pair-wise post hoc comparisons using Chi-
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square tests were done when model effects were p < 0.05. All RIIs (RIIspecies richness, RIIplant 
density) were analyzed using one sample t-tests to test that there were significantly different from 
zero and ascertain frequencies of positive, negative or neutral interactions (Michalet et al. 
2014b). As a control, we also analyzed the effects of canopy size on their respective 
interaction intensity (RII) using regression models for each response variable. Canopy size 
was calculated using the formula of the volume of a semi-sphere, 1/3πr3, where r was the 
largest radius of the dominant plant. Contingency tables and Chi-square tests by regional 
gradients, between regions, and by year within region were used to test differences in the 
frequency of canopy effects (Zar 1999). All statistics were done in r v3.2.3 (R Core Team 
2015), using the package lme4 (Bates et al. 2015).  
 
RESULTS 
The intensity of the effects measured with the Relative Interaction Indices (RIIs) 
of the dominant plants surveyed was significantly different amongst desert regions but 
not within each regional gradient for either community structure measure (Table 3). 
Between regions, the positive effects on richness were greatest at Atiquipa (Atiquipa-
Romeral contrast, Chi-square = 30.69, p < 0.001; Atiquipa-Fray Jorge contrast, Chi-
square = 27.27, p <0.001), whilst Fray Jorge and Romeral did not differ from one 
another (Chi-square = 0.62, p = 0.43) (Figure 1). The positive effects on density were 
also greatest at Atiquipa (Atiquipa-Romeral contrast Chi-square = 4.49, p = 0.03; 
Atiquipa-Fray Jorge contrast Chi-square = 8.57, p = 0.003). In this instance, the positive 
effects on density by dominant plants at Romeral were also higher than those in Fray 
Jorge (Chi-square = 7.04, p = 0.008) (Figure 2). The frequency of positive effects did 
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not significantly differ on gradients within regions for either community structure 
measure (species richness Atiquipa Chi-square=12.86, p=0.12, Romeral Chi-
square=12.59, p=0.13, Fray Jorge Chi-square=7.08, p=0.53, Figure 1; plant density, 
Atiquipa Chi-square=4.55, p=0.80, Romeral Chi-square=14.93, p=0.06, Fray Jorge Chi-
square=6.24, p=0.62, Figure 2). Between regions, the frequency of positive effects was 
greatest at Atiquipa, predominantly neutral at Romeral, and negative at Fray Jorge for 
both measures (species richness Chi-square=34.67, p<0.0001, Figure 1; plant density 
Chi-square=58.98, p<0.0001, Figure 2). 
 
Table 3. Summary of GLMMs contrasting RIIs of species richness and plant density 
among desert localities, dominant plants and gradients in three different years along the 
Atacama Desert. P-values <0.05 are bolded and indicate significant differences. 
  RII species richness RII plant density 
Source DF Chi-Square P-value Chi-Square P-value 
Dominant plant 1 2.57 0.1088 0.46 0.4966 
Desert 2 67.26 <.0001 17.92 0.0001 
Gradient 4 8.24 0.0832 1.51 0.8249 
Dominant*Desert 2 1.75 0.4163 0.82 0.6635 
Desert*Gradient 8 16.13 0.0405 4.07 0.3971 
Dominant*Desert*Gradient 8 4.89 0.7691 4.52 0.8072 
Year 2 0.28 0.8686 4.17 0.1243 
Desert*Year 4 14.32 0.0063 24.96 <.0001 
Dominant*Year 2 1.79 0.4075 0.05 0.9738 
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Fig. 1 Relative interaction indices (RIIs) with ±1SE confidence intervals for species 
richness of two dominant plant microsites in relation to open microsites at the peak of 
the growing seasons of 2011, 2012 and 2013 (vertical panels) at three desert locations 
(horizontal panels) along the Atacama Desert. Stars indicate significantly different from 
zero RII values obtained from one sample t-tests (* P < 0.05, ** P < 0.01). 
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Fig. 2 Relative interaction indices (RIIs) with ±1SE confidence intervals for plant density 
of two dominant plant microsites in relation to open microsites at the peak of the 
growing seasons of 2011, 2012 and 2013 (vertical panels) at three desert locations 
(horizontal panels) along the Atacama Desert. Stars indicate significantly different from 
zero RII values obtained from one sample t-tests (* P < 0.05, ** P < 0.01). 
 
The intensity of positive effects both increased then collapsed on each of the 
three regional stress gradients as drought levels increased with time (Table 3). At 
Atiquipa, the intensity of facilitation increased with temporal increased stress with RIIs of 
2013 significantly higher than those on the previous two years for both community 
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structure measures (species richness 2013-2011 contrast Chi-square=39.08, p < 0.001, 
2012-2011 contrast Chi-square = 24.81, p < 0.001, Figure 1; plant density 2013-2011 
contrast Chi-square=19.17, p < 0.001, 2012-2011 contrast Chi-square = 16.64, p < 
0.001, Figure 2). At Fray Jorge, the intensity of effect size measures significantly 
decreased from 2011 to 2013 only for species richness RIIs (2013-2011 contrast Chi-
square = 4.19, p = 0.04; 2013-2012 Chi-square = 4.42, p = 0.03; Figure 1). At Romeral, 
the intensity of positive effects for plant density collapsed with increasing temporal 
stress from 2012 to 2013 (Chi-square = 4.07, p = 0.04). The frequency of positive 
effects increased only at Atiquipa for both measures (species richness Chi-
square=13.29, p<0.01, Figure 1; plant density Chi-square=13.93, p<0.01, Figure 2). The 
frequency of canopy effects did not change between years remaining neutral at 
Romeral (species richness Chi-square=6.22, p=0.18, Figure 1; plant density Chi-
square=3.32, p<0.51, Figure 2). At Fray Jorge, the frequency of canopy effects for 
species richness remained neutral across years (Chi-square=3.75, p=0.44; Figure 1), 
and remained frequently negative for plant density across years (Chi-square=6.79, 
p=0.14; Figure 2). Finally, there were no differences in facilitation intensity between 
dominant plant species (Table 3), nor their size (as volume) was significant for the 
intensity of canopy effects for either community structure measure (species richness t=-
1.52, p=0.12; plant density t=-0.99, p=0.32). 
 
DISCUSSION 
The conditionality of positive (and negative) effects at the extremes of 
environmental gradients is an important topic for community ecology because it 
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challenges our precision in modeling and testing for net interactions. This is a novel 
development to the SGH, and the concept of collapse is fundamental for a broader 
understanding of global change scenarios that include changing biotic interactions. In 
the Atacama Desert, we found that under the most extreme stress in space and time the 
positive effects on species richness and plant density provided by woody dominant 
plants varied from increasingly positive to negative depending on the specific region. 
Within each region on elevational gradients, we did not find evidence of spatial stress 
differences mediating interactions, but at the whole desert level, we found that contrasts 
from the least to most arid regions varied from positive to a collapse in facilitation. The 
effects of temporal stress also depended on the region but supported the SGH and 
collapses hypotheses. The collapse of plant facilitation with increasing stress along 
large-scale regional spatial gradients and temporally through drought is thus a very 
reasonable hypothesis for plant community ecological theory. These findings suggest 
that both mechanisms associated with collapse of positive interactions and the 
implications for community resilience should be resolved to better direct future change 
scenario predictions.  
 
Spatial and temporal dynamics drive of the outcome of biotic interactions. Spatial 
stress gradients can determine interactions at multiple scales (Lopez et al. 2009, 
Tewksbury & Lloyd 2001, Pescador et al. 2014). Similarly, temporal stress gradients 
impact the outcome of interactions (Biswas & Wagner 2014, Sthultz et al. 2007, 
Schiffers & Tielbörger 2006). However, these drivers are typically studied separately. 
Here, we concurrently studied those gradients and found that the frequency and 
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intensity of positive effects provided by dominant plants collapsed along large-scale 
spatial stress gradients, showed no response within regional spatial gradients, and 
temporal responses to stress depended on the region existing environmental stress 
level. Hence, temporal community dynamics is anchored on spatial environmental 
variation, as has been shown by Sthultz et al. 2007 and leRoux et al. 2013. This, 
however, requires further examination using manipulative experiments because the 
latter have been shown to provide contrasting outcomes on the importance of 
spatiotemporal dynamics for community structure (Metz & Tielbörger 2016). The 
storage-effect hypothesis for species coexistence that proposes coexistence in dynamic 
environments through temporal differences in competitive abilities and through 
persistence in unfavorable periods is an important connection to the collapse of 
facilitation hypothesis (Chesson 2000). Here, we found such temporal differences in the 
frequency and intensity of canopy effects, which would be in turn mediated by the seed 
banks of the annuals studied. Overall, these findings underscore the importance of 
understanding the spatial and temporal dynamics of interactions as these allow for 
coexistence and can be used to develop better predictive models of community 
dynamics. 
 
The outcome of biotic interactions by context is a foundational topic in ecology. In 
particular within population and community ecology, a change in the outcome of first 
competition and now facilitation on gradients is critical theory development. The 
divergent outcomes by region detected in this arid ecosystem supports two opposing 
views of the effects of extreme stress levels: (1) a collapse or change to competitive 
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interactions as supported by Maestre et al. (2005, 2006) and Miriti (2006); or (2) a 
monotonic increase in the frequency and intensity of positive effects with increasing 
stress (aridity) (Lortie & Callaway 2006, Lopez et al. 2013, He et al. 2013). Although 
these outcomes have been interpreted as divergent, it is also likely that due to limitation 
as a consequence of stress (White 2001), the collapse of facilitative interactions could 
be a more widespread outcome under extremely stressful environmental conditions. 
Temporal changes in the intensity and sign of interactions have also been reported 
showing that there were competitive/neutral interactions during favorable conditions and 
positive interactions during stressful conditions (Biswas & Wagner 2014, Sthultz et al. 
2007, Tielborger & Kadmon 2000). Both the primary SGH as proposed by Bertness and 
Callaway (1994) and the collapse of positive hypothesis (Michalet et al. 2006) were 
supported in this study. The mechanisms that we did not study herein such as water 
limitation are likely candidates for support of both hypotheses. The form of facilitation 
and primary limitation within a region can most certainly shift the frequency and intensity 
of facilitation from monotonic increase to collapse. Facilitation from the benefit of 
growing close to another species can emerge when competition for water is relatively 
low (Holmgren et al. 1997; Michalet et al. 2014a, Pugnaire et al. 2015) or if the 
benefactor species directly increases water availability to the facilitated species (Zou et 
al. 2005; Maestre et al. 2009; Prieto et al. 2010). At Atiquipa, the fog capture provided 
by dominant plants likely alleviated extreme stresses and changed reduced critical 
water limitations; whilst at Romeral and Fray Jorge, the absence of this water income 
results in intense competition for the only source of water, i.e. rainfall. Consequently, the 
form and magnitude of limitations can potentially mediate how plant facilitation changes 
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on gradients. Eventual collapse of positive interactions under extreme stresses likely 
depends on the main stressor of the ecosystem and it is reasonable to suggest that 
there are different ‘collapse thresholds’ for different resources within and between high-
stress ecosystems. 
 
The outcome of biotic interactions is not only shaped by direct environmental 
variation. The functional traits associated with benefactor species are often important in 
determining the net facilitative effect (Aschehoug & Callaway 2014, Callaway 2007, 
Lortie et al. 2016) and form of facilitation (Filazzola & Lortie 2014) primarily due to their 
capacity to mediate the distribution of resources. Positive plant interactions have also 
been proposed to be species specific (Callaway 2007), and contrasting trait sets 
between species further these concepts. Dominant plant size within species in this 
study was not however related to respective biotic effects, which does not support 
previous research showing this simple trait as a proxy for facilitation (Pugnaire et al. 
1996, Miriti 2006, leRoux et al. 2013). Usually, size of dominant plants is tested in terms 
of ontogenic categories, which was not done in our study. In arid environments, 
herbivory also has an important role for plant communities (Graff et al. 2013, Karban 
2007, Madrigal et al. 2013). Hence dominant plants with herbivore deterrent structures, 
such as spines, can provide protected habitats for understory plants (Vandenberghe et 
al. 2009, Atwater et a. 2011, Sotomayor & Lortie 2015). Here, there was no evidence of 
thorns determining the outcome of the effects provided by the dominant plants studied. 
Arguably, the extreme stress conditions (increasing drought for three years) for the 
duration of this study reduced the likelihood of detecting consumer-pressure effects. 
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This suggests that herbivore protection at very high stress conditions is not an active 
mechanism of positive plant-plant interactions in deserts. These different dominant 
plants represent biologically similar microsites for understory species to survive within 
this arid ecosystem (i.e. microsites with ameliorated environmental stress) when 
resources (e.g. water) are the most limiting driver of survival. Limitation trumps 
regulation when resources are extremely scarce (White 2001). Species-specific positive 
effects (Aschehoug & Callaway 2014, Callaway 2007) can thus manifest via different 
mechanistic pathways (Filazzola & Lortie 2014) and consequently structure plant 
communities differently. The trait sets associated with increasing environmental stress 
is likely one of the most important topics we can further examine in foundation species 
in any contemporary ecosystem, not just in deserts. 
 
CONCLUDING REMARKS 
The SGH and collapse of interactions hypothesis under extreme stress were both 
supported in this study. Nonetheless, it is possible that stress on some of the gradients 
studied was not extreme enough, and that collapse of interactions is more widespread 
at extreme environmental conditions. The most arid regions included in this study 
showed a collapse in positive interactions, and there was also a collapse of positive 
effects when conditions became drier and more stressful with time. Our findings show 
that extreme stress induced by spatial or temporal environmental variation can collapse 
the positive effects of dominant plants as a result of a decrease in the intensity of 
positive effects and ultimately a decrease in the frequency of such interactions. The 
effects of the two dominant species with different traits did not differ from one another 
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suggesting that species-specific positive effects are likely dependent on the specific 
facilitation mechanism. This study extends ecological theory by including evidence from 
one of the most arid places reported to date, and explicitly testing both frequency and 
intensity of interactions as they are modified by environmental stress. 
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Dominant plant effects at micro-scales and within seasons 
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ABSTRACT 
Questions: The outcome of biotic interactions can frequently be determined by 
environmental severity, and variance in severity is scale and time dependent. The 
following questions on this topic are examined: does the spatial scale within the canopy 
of dominant plants change the sign of interactions? Is there temporal variation in 
positive effects similar to the stress gradient hypothesis? Do dominant plants mediate 
indirect effects within understory communities in comparison to non-canopied 
microsites? 
Location: Coastal desert of Atiquipa, Southern Peru 
Methods: We examined the spatiotemporal variation in positive interactions by studying 
the temporal and spatial effects of two dominant woody species, the spiny shrub Randia 
armata and the tree Caesalpinia spinosa, at three micro-scales over two growing 
seasons on subordinate plant communities. In each census, plant density and species 
richness with microsite temperature and relative humidity were measured. 
Results: There were consistent differences in temperature and relative humidity under 
the canopies of dominant plants relative to open microsites. Both spatial and temporal 
scales tested significantly influenced the outcome of interactions between dominants 
and associated understory plants. Dominant plants had species-specific positive effects 
by increasing species richness and plant density. However, the strength of their positive 
effects was not different between dominants. The composition of subordinate plant 
communities was also dependent on both spatial and temporal scales. The relative 
strength of positive effects increased at the end of the growing season, but it was not 
influenced by spatial scale. Indirect effects within understory communities were not 
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mediated by the micro-scales tested within the canopy or by time suggesting weak 
indirect effects within understory communities that contribute to the annual-plant 
dynamics.  
Conclusions: Collectively these findings illustrate the importance of exploring spatial 
and temporal effects when examining plant facilitation and support recent developments 
moving beyond simple, two-phase contrasts in deserts. 
 
Keywords: coexistence, facilitation, indirect effects, net interactions, nurse plant, 
positive interactions, spatial scale, species specificity, stress gradient hypothesis, 
Southern Peru, temporal scale. 
 
Nomenclature: Brako & Zarucchi (1993) 
 
Running head: Spatiotemporal analysis of facilitation 
 
INTRODUCTION  
The relative importance of processes that structure plant communities and 
maintain biological diversity has been a primary focus in community ecology. Ecological 
dynamics has been characterized via spatial and temporal patterns at different scales 
(Levin 1992, Sthultz et al. 2007, Hastings 2010, Biswas & Wagner 2014). The relative 
severity of environmental gradients depends on seasonality and on the life-stage of the 
plant communities within a season (Tielbörger & Kadmon 2000a, Miriti 2006, Schiffers & 
Tielbörger 2006, le Roux et al. 2013). Biotic interactions can act as filters determining 
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whether species persist within a given environment (Brooker et al. 2008, Lortie et al. 
2004, McIntire & Fajardo 2014). However, the spatial effects associated with these 
interactions are either lost at increasing scales (Araujo & Rozenfeld 2014) or yield 
opposing outcomes over extended sampling time periods (Tielbörger & Kadmon 2000a, 
Sthultz et al. 2007). The spatial scale of biotic interactions has been explored to some 
extent (Tewksbury & Lloyd 2001, Lopez et al. 2009, Araujo & Rozenfeld 2014), and their 
temporal scale as well using multi-year studies in relation to ontogeny of perennial 
plants (Tielborger & Kadmon 2000a, Miriti 2006, 2007, Soliveres et al. 2010). However, 
less is known about within season changes in interactions (but see Sthultz et al. 2007, 
Biswas & Wagner 2014), especially for non-perennial life forms such as annual plants. 
Responses to these drivers can be manifested on single measures such as species 
richness but can also be analyzed through community structure and population 
dynamics (Gómez-Aparicio et al. 2004, Cavieres & Badano 2009). Rarely, these 
outcomes are tested with both sets of measures (but see Soliveres & Maestre 2014). A 
more accurate estimate with the use of multiple response variables of spatiotemporal 
changes in species interactions will better inform our understanding of the structure and 
dynamics of plant communities and allow for more realistic prediction models (Lortie & 
Svenning 2015).  
 
Mutualism represents the most variable species interaction (Chamberlain et al. 
2014) likely due to resource exchanges that can carry both costs and benefits to the 
partners in the interaction (Jones et al. 2012). This variability can be manifested through 
the interacting species, their geographical distribution, and their temporal dynamics 
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(Maestre et al. 2003, Sandel 2015, Soliveres et al. 2010, Tielbörger & Kadmon 2000a). 
The local effects of positive interactions (facilitation) have been well documented and 
include recruitment, growth, and spatial associations of beneficiary species (for 
comprehensive reviews see: Bruno et al. 2003, Flores & Jurado 2003, Callaway 2007, 
Brooker et al. 2008, Filazzola & Lortie 2014). Despite substantial evidence that the 
magnitude and sign of species interactions vary along environmental gradients 
(Bertness & Callaway 1994, Michalet et al. 2006, He et al. 2013), the dynamics of this 
variation requires further characterization (Chamberlain et al. 2014, Soliveres et al. 
2015). Most importantly, the scale (both spatial and temporal) used to test for plant-
plant interactions can determine the patterns and processes that are subsequently 
reported (Leibold et al. 2004, Soliveres et al. 2010, Sthultz et al. 2007). Large-scale 
spatial effects related to stress gradients have been shown to influence the outcome of 
interactions (Bertness & Callaway 1994, He et al. 2013). However, benefactor species 
can also generate micro-scale stress-related dynamics even within their canopies 
(Koyama et al. 2015, Pescador et al. 2014), but these dynamics have remained 
unexplored although they have the potential of drastically changing arid systems 
structure (Xu et al. 2015) and evolutionary dynamics (Kefi et al. 2008). Stress 
manifested through time can also affect interaction outcomes (Biswas & Wagner 2014, 
le Roux, et al. 2013, Tielbörger & Kadmon 2000a), but a more comprehensive test 
needs to test both spatial scale and time such as inter-annual variation concurrently. 
 
Dominant plants in arid environments frequently facilitate a high density of 
understory plant species (Franco & Nobel 1989, Tielbörger & Kadmon 2000b Flores & 
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Jurado 2003) that collectively display an increase in competitive interactions within the 
canopy (Pages & Michalet 2003, Schöb et al. 2013 - but see Tielbörger & Kadmon 
2000b). Understory plant interaction networks also vary from clearly demarcated 
competitive to intransitive hierarchies (Soliveres et al. 2011). Increased niche 
segregation and competition intransitivity within the canopy therefore reduces 
competitive exclusion (Laird & Schamp 2006), and enhances overall local species 
richness. The more benign conditions often found under dominant plants (Franco & 
Nobel 1989, Pescador et al. 2014) increases the local species pool due to microclimate 
amelioration that expands the niches of stress intolerant species within the system by 
providing a higher degree of moisture, nutrients or mycorrhizae in comparison to open 
areas (Pugnaire et al. 1996, Drezner 2007, Tielbörger & Kadmon 2000b, Flores & 
Jurado 2003, Filazzola & Lortie 2014). However, these effects within arid understory 
communities have remained less understood (but see Schob et al. 2013, Soliveres et al. 
2011). Disentangling these relatively less studied and localized effects of dominant 
plants on understory communities and among understory species informs species 
coexistence (Brooker et al. 2008, Callaway 2007, Cipriotti & Aguiar 2015, McIntire & 
Fajardo 2014).  
 
This study examines the spatiotemporal dynamics of positive interactions 
focusing on the within and between seasonal effects and concurrently on the micro-
scale effects of two different dominant woody species on their subordinate plant 
communities. We hypothesized that the positive effects of dominant desert plants on 
understory communities are spatiotemporally scale dependent. The effects examined 
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include both direct consequences of the dominant plant on understory species (e.g. 
increased understory species richness, increased abundance, and increased diversity) 
and indirect effects via changing competitive hierarchies amongst understory species 
(niche segregation and/or competition intransitivity). We examined the following 
questions: 1) how do spatial scale (micro-scale by varying distance from the dominant 
plant) within understory microsites changes the sign and strength of interactions with 
understory plants as well as their structure?; 2) what is the temporal effect of dominant 
plants and its interaction with micro-scale on understory plant communities?; and 3) 
how do dominant plants mediate indirect effects between understory species? We 
predicted that micro-scale even within dominant plants determines the outcome of 
species interactions, that interactions through time will follow stress-gradient dynamics 
(Bertness & Callaway 1994) in that less environmentally limiting seasons have reduced 
frequencies of facilitation, and, finally that dominant plants will mediate indirect effects 
via an increase in competitive interactions when environmental conditions are less 
stressful as a product of micro-habitat amelioration. The answers to these questions 
advance positive interactions theory and improve our understanding on the effects of 
dominant plants in arid environments for understory communities.  
 
METHODS 
Study site, plot selection, and dominant species  
Atiquipa, Southern Peru (15oS, 74oW) is a coastal desert with a wet winter 
season between July and November typically characterized by high moisture due to fog 
(about 90% on average). Approximately 70% of the annual rainfall mean (i.e. 200 mm) 
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occurs between these months (Sotomayor & Jimenez 2008). Annual rainfall average for 
the period 2009-2012 was 185 mm, with 2011 receiving 167.3 mm, while 2012 received 
137.4 mm. The plant community includes a few large woody species and a diversity of 
herbaceous plants wherein annuals are the most common life form. In order to select 
five sites within the desert that represented an environmental gradient, we conducted a 
survey along its range. This survey systematically sampled 1-km grids using one 20 x 
20 m quadrat per grid to determine plant cover and species composition within each of 
these grids. These data were then combined with climate information from the database 
WorldClim (Hijmans et al. 2005) and used to quantitatively determine the plots to be 
used for this study. By combining ground-truthed data with climate parameters (e.g. 
temperature, precipitation, and seasonality) via multivariate statistics (i.e., direct 
ordination analyses), we were able to properly determine the complex environmental 
gradients within our field site (Lortie 2010) and sampled along these. Five sites (100 x 
100 m) were selected using this procedure and were separated by at least 2 km from 
one another, but no more than 5 km. These sites also corresponded to a natural 
elevation gradient regionally ranging from 741 m asl to 1124 m asl, with each site 
approximately every 100 m in elevation.  
 
Based on previous surveys (Sotomayor, per. obs.), we chose two dominant 
perennial woody species for this study that co-occurred at all 5 sites. One of those 
dominant plant species was the locally abundant 4-5 m tall tree Caesalpinia spinosa 
Molina (Kuntze) (Fabaceae). This tree has a high understory of about 2 m, and it is 
native to Peru. Caesalpinia can also be found in various places of South America such 
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as Bolivia, Colombia, Ecuador and Venezuela, tolerating dry climates and poor soils 
(Brako & Zarucchi 1993). The other dominant plant we selected was Randia armata 
(Sw.) DC. (Rubiaceae), a spiny 2-3 m tall shrub with low understory of about 0.5 m, also 
native to Peru, but with a wide distribution in America ranging from Mexico to Argentina 
and with presence in moist and dry forests (Taylor & Lorence 1993). 
 
Vegetation surveys and microsite measurements 
During two growing seasons (2011 and 2012), 100 plots located in the understory 
of the 2 dominant plant species (50 under C. spinosa, and 50 under R. armata) and 50 
plots in open nearby spaces were surveyed in triplets at Atiquipa, Southern Peru. Each 
triplet contained one of each microsite, with microsites separated from each other ca. 
2m, and triplets separated from each other at least 5m. These 150 plots were 
distributed along the 5 sites, with 10 of each species per microsite per site. The 
abundance of each of the species within the plots was recorded and used to calculate 
total plant species abundance and richness. These data were collected monthly during 
each growing season from September-December in 2011 and again in 2012 at three 
spatial scales within each plot both under canopies and in open microsites: 0.0625 m2, 
0.25 m2 and 1 m2. These three quadrats at different spatial scales were nested within 
each other using the axis of the dominant plant or one of the corners of the plot for open 
microsites. Temperature and relative humidity were collected during the 2012 season 
using HOBO U-23 Pro-V2 loggers located at the soil level within each of the three 
microsites under study and inside the finest-scale quadrat within the shrub or open 
microsite plot. A total of 9 data loggers were utilized with 3 replicates per microsite 
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placed randomly. Loggers were placed in the sites with the highest and lowest elevation 
as well as in the site at mid elevation. Data were recorded every 15 minutes between 
the beginning of August and the end of October (growing season). Vapour pressure 
deficit was also calculated based on both temperature and relative humidity (Hartman 
1994). 
 
The strength of the effect of dominant plants on species richness and plant 
density was estimated using the Relative Interaction Index (RII) calculated as follows 
(Armas et al. 2004): 
       Du - Do 
                                                    RII =                                          (1) 
        Du + Do 
 
The terms Du and Do corresponded to the density of plants in understory and 
open microsites, respectively. This index varies from -1 to +1 with positive effects being 
> 0 and negative effects < 0 on the density of these species. 
 
Subordinate plant-plant interaction outcomes by microsite 
In order to assess the effect of dominant plants on the competitive outcomes of 
their understory species, we measured changes in competition intransitivity and the 
degree of niche segregation within the community by using guild structure null models 
of species co-occurrences (Gotelli & Graves 1996, Gotelli et al. 2010) and their 
relationship to the site-level richness found within canopies and open plots at each site 
(Soliveres et al. 2011). These null models are organized a priori by groups of ecological 
significance (plots per microsite in this case), and test the role of competition in 
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structuring the community within each of these groups independently (Gotelli & Graves 
1996). Competitive intransitivity and transitivity produce less co-occurrence due to 
small-scale competitive exclusion, however networks with a marked hierarchy in 
competition have a few dominant species and, therefore, a reduced local richness, while 
intransitive networks generate high species turnover and therefore, a high local richness 
(Laird & Schamp 2006). We estimated species co-occurrence using the C-score index 
(Gotelli & Graves 1996). This metric has been used to estimate transitivity and 
community structure (e.g. Dullinger et al. 2007, Soliveres et al. 2011) and was 
calculated for each pair of species as:  
 
          (Ri - S) 
     C-score =                    (2) 
          (Rj - S) 
 
The terms Ri and Rj are the number of total occurrences for species i and j, and S 
is the number of quadrats in which both species occur (Gotelli & Graves 1996). This 
score is then averaged over all possible pairs of species in the matrix (Gotelli 2000). 
The C-score is related to the competitive exclusion concept of “checkerboardness”, i.e., 
how many of the possible species pairs in a given community never appear in the same 
quadrat together. Thus, positive and large values of this index indicate that competition 
may be the prevalent mechanism determining the co-occurrence patterns observed 
(Gotelli 2000). To determine the strength of co-occurrence in a sample, the observed C-
score value is compared against a set of null models that serve as a baseline for what a 
community unstructured by species interactions would look like, i.e. a null model 
(Connor & Simberloff 1979). The C-score is calculated utilizing presence/absence 
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matrices, hence it is sensitive to changes in interspecific co-occurrence patterns, and is 
independent of intraspecific interactions. As the values of the C-score are dependent on 
the number of species and co-occurrences observed within each plot, we calculated a 
standardized effect size (SES) as (Iobs − Isim)/Ssim, where Iobs is the observed value of the 
C-score, and Isim and Ssim are the mean and standard deviation, respectively, of this 
index obtained from simulations (Gotelli & Entsminger 2006). We used the software 
EcoSim version 7.72 with ‘fixed rows-equiprobable columns’ null models and ran 5000 
simulations (Gotelli & Entsminger 2006). Standardized effect size (SES) values of the 
C-score less than zero suggest prevailing higher co-occurrence (spatial aggregation) 
whereas SES values greater than zero indicate lower co-occurrence (spatial 
segregation) amongst the species within a community.  
 
To assess the relationship between co-occurrence and local diversity, we 
compared SES values with the site-level species richness found in each microsite. This 
comparison has the following four possible outcomes (Soliveres et al. 2011): (1) 
dominant plants concurrently reduce SES and increase site-level species richness 
compared to open microsites: dominant plants would be promoting the occurrence of 
understory species via niche segregation (reduced SES indicates reduced competition), 
with positive effects on the overall site-level species richness; (2) dominant plants 
increase both SES and site species richness: dominant plants would be increasing 
microsite-scale competition, but species with competitive advantages vary among plots 
within sites, generating high species turnover, and therefore increasing site-level 
species richness (intransitivity); (3) dominant plants increase SES, but reduce site-level 
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species richness: competitive exclusion would be the dominant interaction amongst 
understory species, and a smaller set of competitive winners dominate all plots, 
resulting in reduced site-level species richness; and (4) dominant plants do not affect 
SES, regardless of their effects on site-level species richness: changes in the 
competitive outcomes are not an important factor modulating the effect of dominant 
plants on site-level richness. We calculated SES and site-level species richness for the 
3 micro-scales surveyed using the 10 plots per microsite available in each of the 5 sites. 
All 5 plots were treated as replicates within the desert and for each of the evaluations 
conducted in this study resulting in 360 experimental units (3 microsites x 3 micro-
scales x 5 sites x 8 evaluations across 2 years). 
 
Statistical analyses  
Microclimatic data were analyzed with general linear mixed models (GLMMs) 
using time (Julian day of the measurement) as a repeated measures factor (random 
variable) and microsite (2 dominant plant microsites and open microsites) as a fixed 
factor (Littell et al. 2006). Species richness and plant density estimates were also 
analyzed using GLMMs with time as a repeated measures variable (nested structure 
with 4 monthly evaluations in each of 2 years) and the following fully crossed fixed 
factors: microsite as described above (3 levels), micro-scale with 3 levels, and site with 
5 levels. Principal Components Analysis (PCA) ordinations along with significance tests 
(999 permutations) were used to examine the differences among plant communities 
associated with the 3 microsites (2 dominant plants and open plots) under study and the 
3 micro-scales evaluated independently per months and years evaluated using each 
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species abundance. Site-level species richness and C-scores SES were also analyzed 
using GLMMs with time as a repeated measures variable (random factor). In all 
GLMMs, Tukey post-hoc tests were conducted for pair-wise comparisons (Zar 1999). 
Ordinations were conducted with the software R, package vegan (R Core Team 2014), 
and GLMMs were done with the software JMP version 12 (SAS Institute Inc. 2015). All 
RIIs (RIIspecies richness, RIIplant density) were analyzed using one sample t-tests to test that 
there were significantly different from zero (Michalet et al. 2014). RIIs were also 
analyzed with GLMMs with micro-scale and microsite as fixed factors and time, with its 
nested structure, as a repeated measures effect (random variable).  
 
RESULTS 
Microhabitat differentiation 
The temperatures under both dominant woody species were significantly cooler 
than the open microsites throughout the growing season of 2012 (Figure 1, Appendix 7, 
F(2,182) = 22.29, p<0.01). The dominant canopy cooling effect was greatest at midday 
throughout the season (C. spinosa: 14.86±1.35oC, R. armata: 14.79±1.35oC, and open: 
25.89±1.35oC), but there were no differences in temperature between the two shrub 
microsites (Tukey HSD p<0.05). There were no differences in relative humidity between 
the two dominant species or with the open microsites (Figure 1, Appendix 7, F(2,182) = 
3.12, p=0.11). Vapour pressure deficit was the highest in open microsites (Appendix 8). 
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Table 1. Summary of statistical models contrasting species richness and plant density 
(plants.m-2) between open microsites and dominant plant microsites in Atiquipa, 
Southern Peru. P-values <0.05 indicate significant differences. 
  Species richness Plant density 
Source DF DFDen F Ratio P-value DFDen F Ratio P-value 
Microscale 2 2714 1130.36 <0.0001 2967 295.39 <0.0001 
Site 4 2658 68.68 <0.0001 2477 41.71 <0.0001 
Microsite 2 2805 240.83 <0.0001 2841 121.22 <0.0001 
Microscale*Site 8 2772 5.75 <0.0001 2316 5.58 <0.0001 
Microscale*Microsite 4 2992 21.31 <0.0001 2764 1.01 0.4024 
Site*Microsite 8 2799 64.49 <0.0001 2292 39.66 <0.0001 
Year 1 2741 5.25 0.0220 2819 500.66 <0.0001 
Month 3 2402 218.10 <0.0001 2756 328.93 <0.0001 
Year*Month 3 2295 22.02 <0.0001 2679 110.48 <0.0001 
Year*Microsite 2 2761 16.23 <0.0001 2957 0.98 0.3768 
Month*Microsite 6 2654 7.94 <0.0001 2534 3.29   0.0032 
Microscale*Month 6 2459 10.44 <0.0001 2648 25.05 <0.0001 
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Table 2. Summary of statistical models contrasting plot level species richness and 
standardized effects sizes (SES) of C-scores between open microsites and dominant 
plant microsites in Atiquipa, Southern Peru. P-values <0.05 indicate significant 
differences. 
  Species richness SES 
Source DF  DFDen F Ratio P-value DFDen F Ratio P-value 
Microsite 2 160 24.75 <0.0001 162.1 1.36 0.2592 
Microscale 2 176.2 327.85 <0.0001 166.3 3.22 0.0423 
Microsite*Microscale 4 153.2 6.05 0.0002 153.2 3.21 0.0144 
Year 1 248 37.16 <0.0001 256.3 0.27 0.6064 
Month 3 171 7.39 0.0001 165.2 1.22 0.3035 
Year*Month 3 165.9 10.86 <0.0001 176.9 0.66 0.5791 
Year*Microsite 2 144.2 15.44 <0.0001 157.2 4.98 0.0080 
Year*Microscale 2 159.3 2.28 0.1055 169.9 0.52 0.5940 
Microsite*Month 6 156.6 1.02 0.4143 153.7 1.70 0.1241 
Month*Microscale 6 149.3 5.99 <0.0001 154.8 0.33 0.9209 
Year*Microsite*Month 6 144.4 2.20 0.0462 157.3 2.57 0.0211 
Year*Month*Microscale 6 149.5 3.46 0.0031 161.2 0.62 0.7102 
Plant density 1 302.2 104.93 <0.0001 238.9 0.73 0.3948 
 
 
 
 
 
 	
71 
 
Species-specific effects of dominant plants on their understory  
Both dominant species had significantly more species and higher plant densities 
in their understory in comparison to open microsites (Table 1, Tukey HSD p<0.05), but 
R. armata had the highest species richness and plant densities. Species richness per 
unit area was higher at the 1m2 scale with 8.08±0.07 species/quadrat while plant density 
was the lowest with 129.35±3.64 plants/m2. Differences between dominant plants at the 
studied microscales were significant for species richness but not for plant density 
(Tukey HSD p<0.05). There were significant differences between sites in both species 
richness and plant density, but these did not coincide with the elevation gradient 
identified. At the end of the growing season, both dominant species microsites had 
significantly higher species richness and plant density than open microsites. This 
pattern was consistent amongst years, but 2011 had overall higher species richness 
and plant density (Table 1). 
 
The strength of positive effects for species richness (Figure 2) and plant density 
(Figure 3) was not significantly different between dominant plants (F(1,992) = 0.83, p = 
0.36; F(1,1377) = 2.81, p = 0.09; respectively), but changed from neutral effects at the 
beginning of the growing season to strong positive effects at the end of the growing 
season in both years (F(3,630) = 64.88, p < 0.01; F(3,1059) = 103.59, p < 0.01; respectively). 
However, facilitative effects occurred earlier in the season during 2012 and were on 
average stronger that year for both species richness (Figure 2) and plant density (Figure 
3). These patterns were consistent for all micro-scales and for both dominant species 
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communities (F(2,920) = 0.25, p = 0.78 for species richness; F(2,1579) = 2.96, p = 0.05 for 
plant density). Communities from the understory of dominant plants were more similar 
to each other than to open microsite communities (Figure 4). The communities differed 
by spatial scale (Figure 4), although these differences diminished by the end of the 
growing season of both years, mainly for the smallest micro-scales (Figure 4, lower 
panels). 
 
 
Fig. 1 Absolute differences along with standard errors between microhabitat conditions 
for two dominant plant microsites in relation to open microsites at noon (12 hrs.) during 
the growing season of 2012 (August-October) in Atiquipa, Southern Peru. 
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Subdominant plant-plant interactions as affected by dominant plants 
Dominant plants did not affect SES, neither did time, but micro-scale did 
significantly influence co-occurrence patterns (Table 2) with higher SES values at the 
largest micro-scale in understory microsites, and the lowest at the smallest scale in 
open microsites (Tukey HSD p<0.05). All SES values indicate lower co-occurrence and 
means that there was spatial segregation amongst subdominant species within all 
communities (Figure 5). Site-level species richness was different among microsites, 
micro-scales, and time (Table 2). Both R. armata and C. spinosa had significantly higher 
species richness than open microsites (Figure 5). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	
74 
 
Fig. 2 Relative interaction indices (RII) along with ±1SE confidence intervals for species 
richness of two dominant plant microsites in relation to open microsites across the 
growing seasons of 2011 and 2012 in Atiquipa, Southern Peru. Left-hand panels 
correspond to 2011, and right-hand panels to 2012. Upper panels correspond to the 1 
m2 microscale, mid panels to the 0.25 m2 microscale, and lower panels to the 0.0625 m2 
microscale. Stars indicate significantly different from zero RII values obtained from one 
sample t-tests (* P < 0.05, ** P < 0.01). 
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Fig. 3 Relative interaction indices (RII) along with ±1SE confidence intervals for plant 
density of two dominant plant microsites in relation to open microsites across the 
growing seasons of 2011 and 2012 in Atiquipa, Southern Peru. Left-hand panels 
correspond to 2011, and right-hand panels to 2012. Upper panels correspond to the 1 
m2 microscale, mid panels to the 0.25 m2 microscale, and lower panels to the 0.0625 m2 
microscale. Stars indicate significantly different from zero RII values obtained from one 
sample t-tests (* P < 0.05, ** P < 0.01). 
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Fig. 4 Principal components analysis (PCA) ordinations of the species composition of 
two dominant plant species and open microsites at different spatial micro-scales along 
the growing seasons of 2011 and 2012 in Atiquipa, Southern Peru. Points are centroids 
with bi-directional 95% confidence error bars. Results of two-way ANOVAs on the 
effects of microscale (S), microsite (M), and their interaction are shown in each panel: * 
P < 0.05, ** P < 0.01. Year: left-hand panels correspond to 2011, and right-hand panels 
to 2012. Month: upper panels correspond to September, mid-upper panels to October, 
mid-lower panels to November, and lower panels to December of their respective years. 
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Fig. 5 Plot level species richness (left hand y-axis, bars) and standardized effect size 
(SES) values of the C-score (right hand y-axis, dots) with ±1SE confidence intervals for 
two dominant plant microsites and open microsites across the growing seasons of 2011 
and 2012 in Atiquipa, Southern Peru. Left-hand panels correspond to 2011, and right-
hand panels to 2012. Upper panels correspond to the 1 m2 microscale, mid panels to 
the 0.25 m2 microscale, and lower panels to the 0.0625 m2 microscale. 
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DISCUSSION 
The hypothesis that the positive effects of dominant desert plants on understory 
communities are spatiotemporally scale-dependent was clearly supported in this study 
in time but not at the relatively fine spatial scales examined. Interactions between 
dominant plants and their understory communities changed from neutral to positive as 
the growing season progressed, but the strength of positive effects at different micro-
scales within the canopy did not vary. We also found that the intensity of interactions 
amongst understory plants is not strong and that spatial segregation within understory 
communities is not affected by the canopies of dominant plants. These results were 
consistent for both dominant plants examined in this study. Taken together, these 
findings illustrate that at micro-scales the strength of positive effects is governed by the 
environmental conditions as they change through time and that coexistence in the 
understory is the result of weak interactions between the different members of the plant 
community that do not have a micro-scale or temporal signature. This evidence 
underscores the importance of exploring the impact of time and spatial scales on the net 
outcome of biotic interactions.  
 
We found differences in both species richness and plant density in relation to 
micro-scale, however, in both response variables the strength of the effects did not 
change with increasing scale or spatial grain (sensu Sandel 2015). Overall positive 
effects (Lopez et al. 2009), changes in the strength and sign of interactions with 
increasing scale from strong positive effects at the site level to neutral effects at the 
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landscape level (Tewksbury & Lloyd 2001), or complex effects at micro-scales 
according to the functional type of the benefactor (Pescador et al. 2014, Koyama et al. 
2015) have been reported previously. Our study adds to this evidence by reporting that 
the strength of positive effects at micro-scales within shrubs does not change, but 
disagrees with Pescador et al. (2014)’s “halo” around dominant plants in which 
facilitation changes to competition. Admittedly, our study reported positive interactions 
within a 1m radius of the dominant plant, and further distances might yield similar 
results to Pescador et al. (2014) results or beneficiary species-specific patterns 
(Koyama et al. 2015). Testing larger spatial scales around dominant plants can help 
define the importance of ameliorated microhabitats in high stress ecosystems. 
 
The strength of positive effects was not significantly different when comparing 
dominant plants either for species richness or plant density, however, dominant plants 
facilitated different plant communities within their understory. It is surprising that the 
strength of positive effects provided by the two dominant plants is similar even though 
they provide significantly different microhabitats in terms of temperature and have 
different life histories. This suggests that these dominant plants represent biologically 
similar “refuges” for understory species to survive within this arid ecosystem. However, 
these “refuges” facilitate different plant communities and suggests that the different 
approaches can determine distinct aspects of the outcomes of biotic interactions 
(Soliveres & Maestre 2014, Tewksbury & Lloyd 2001). Species-specific positive effects 
(Aschehoug & Callaway 2014, Callaway 2007) can thus manifest via different 
mechanistic pathways (Filazzola & Lortie 2014) and consequently structure plant 
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communities differently. Further studies should examine the extent to which certain 
traits of dominant plants would be associated with stronger positive effects. 
 
The strength of the positive effects provided by the dominant plants in this study 
increased at the end of the growing season in both years, although it was stronger in 
the second year that had lower rainfall. This change in the sign of net interactions is 
most likely due to an increase in the stressful conditions as the growing season 
progresses exacerbating the difference between the canopies of dominant plants 
relative to open sites. This pattern coincides with previous reports (Biswas & Wagner 
2014, Sthultz et al. 2007, Tielborger & Kadmon 2000a, Schiffers & Tielborger 2006) in 
that competitive to neutral interactions predominated during favourable conditions and 
positive interactions during stressful conditions (SGH, Callaway & Bertness 1994). 
However, our study expands this research to annual plant communities increasing the 
applicability of the stress gradient hypothesis and incorporating short-term population 
dynamics along the full ontogeny of desert annuals (le Roux et al. 2013, Schiffers & 
Tielborger 2006). Beyond these refinements, these findings also support the storage-
effect hypothesis for species coexistence that proposes coexistence in dynamic 
environments through temporal differences in competitive abilities (as demonstrated 
here via changes in the strength of interactions) and through persistence in unfavorable 
periods (Chesson 2000, Chesson et al. 2004). Understanding the temporal effects of 
dominant plants on the dynamics of annual species is important as it allows for a better 
description of coexistence on ecosystems of fluctuating stress such as deserts. 
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We predicted that dominant plants mediate indirect effects between understory 
species via an increase in competitive interactions but did not find substantial evidence 
to support this. This suggests that the changes in the competitive outcomes within 
understory plant communities are not an important factor mediating the overarching 
effect of dominants on site-scale species richness. This finding support the results 
reported by Tielbörger & Kadmon (2000b) and Soliveres et al. (2011), but also 
disagrees with the findings reported by Schöb et al. (2013), Soliveres et al. (2011) and 
Michalet et al. (2015). Our findings suggest that spatial segregation is common for 
herbaceous plants in this desert and that this mechanism for species coexistence is 
similar among the microsites (i.e. dominant plant vs. open microsites) and the micro-
scales (i.e. spatial grain) studied. Mensurative experiments exploring interactions often 
generate lower estimates of interaction strengths (Kikvidze & Armas 2010) and 
removals of relatively high abundance subordinate species would be an excellent 
complement to this study. Nonetheless, facilitation of herbaceous plants by dominant 
woody species does not necessarily increase inter-specific competition within an 
ameliorated microhabitat in deserts.  
 
CONCLUDING REMARKS 
Our study highlights the importance of concurrent examination of spatial and 
temporal scales in studying positive biotic interactions to establish context dependency. 
Ecological theory, design, and analyses have sufficiently evolved to encompass 
complex effects that influence the outcome of species interactions. Micro-scales (i.e. 
fine spatial grain) did not have an effect on the outcome of interactions, but the strength 
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of positive effects changed consistently over the two years studied from neutral to 
positive as the growing season progressed. This expands the SGH to relatively short 
time spans as annuals go through ontogenic stages very rapidly and the seed banks 
also interact with stress through inter-annual storage processes. The effects of the two 
dominant species tested did not differ from one another suggesting that species-specific 
positive effects are likely dependent on the specific facilitation mechanism. Larger 
grains of spatial scale in combination with detailed seasonal surveys within the canopy 
communities could further refine our understanding of the scope of positive plant 
interactions in desert ecosystems. 
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ABSTRACT 
Desert dominant plants commonly facilitate plant communities within their canopies. 
Although substantial research has examined the direct consequences of this effect, a 
mechanistic understanding of indirect effects mediated via beneficiary plants is still 
relatively limited. We tested the hypothesis that the net positive outcome of dominant 
plants on beneficiaries extends to a network of interactions including indirect 
competition or facilitation. To test this hypothesis, we aggregated two years of field 
surveys with a manipulative experiment in Atiquipa, Southern Peru. We surveyed the 
understory plant community of the dominant tree Caesalpinia spinosa and compared to 
open microsites. Field manipulations included removal of plant neighborhoods of two 
target annual species in the understory of C. spinosa and adjacent open microsites. We 
measured plant density in the surveys and in the removal experiment, plant height, fruit 
production, and biomass of the targets. In the surveys, target species density was 
dependent on understory neighbors’ density. Neighborhood removal did not affect fruit 
production or biomass of F. peruviana but decreased its plant height in open microsites. 
Neighborhood removal around P. limensis increased its fruit production in understory 
microsites suggesting reduced apparent competition. Canopies had indirect negative 
effects on fruit production of F. peruviana, and an indirect competitive outcome on fruit 
production of P. limensis. Hence, understory plant neighbors can mediate the direct 
effects of dominant plants in deserts. The facilitative effects of dominant plants 
represent key coexistence mechanisms because they reduce stress and generate 
extended networks of interactions not necessarily present in the open. 
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Keywords: coexistence, indirect effects, nurse plant, positive interactions, species 
specificity, southern Peru. 
 
INTRODUCTION 
Interactions amongst plants are important drivers of community composition, 
productivity, and function (Lortie et al. 2004, McIntire and Fajardo 2014), but most 
research to date has explored direct interactions both negative (i.e. competition) and 
positive (i.e. facilitation) (Grime 1973, Michalet et al. 2006, Brooker et al. 2008, He et al. 
2013, Sotomayor and Lortie 2015). However, indirect interactions have the potential to 
similarly influence key ecosystem properties (Callaway 2007, Brooker et al. 2008, 
Sotomayor and Lortie 2015). Indirect interactions occur when the effects of one species 
on another are mediated through a third species (Strauss 1991, Wootton 1994, 
Callaway 2007). These interactions occur in most multi-species assemblages and have 
been proposed as mechanisms that maintain species diversity by enabling coexistence 
(Wootton 1994, Callaway 2007, Sotomayor and Lortie 2015). The outcome of 
interactions is determined by the net sum of direct and indirect effects, and even weak 
interactions have been shown to magnify spatiotemporal change (Berlow 1999, Schöb 
et al. 2013). Interaction effects correspond to quantifiable vectors whereas outcomes 
represent the product of such vectors (Michalet et al. 2015a, b). Indirect negative effects 
can sometimes cancel out direct positive effects. This is likely important when species 
are aggregated by overarching positive effects such as under shrubs or trees in deserts 
(Flores and Jurado 2003, Filazzola and Lortie 2014). Indirect effects thus comprise a 
key component of interaction outcomes within communities and networks. This is 
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particularly important given the influence of ongoing global change on stressors within 
ecosystems in addition to species loss (Valiente-Banuet et al. 2015). 
 
In arid environments, dominant plants commonly facilitate the presence of 
communities of understory plant species (i.e. the nurse plant effect) (Franco and Nobel 
1989, Flores and Jurado 2003, Filazzola and Lortie 2014). Although substantial 
attention has been given to the direct consequences of these interactions in terms of 
species richness and abundance/biomass, the potential impact of facilitation on the 
outcome amongst understory species (i.e. indirect effects) have remained relatively 
under-explored (Tielbörger and Kadmon 2000, Pages and Michalet 2003, Brooker et al. 
2008, Schöb et al. 2013). Net community facilitation has been documented but 
interactions within these protégé species also likely change and should be examined. 
Facilitation generates a clumped spatial pattern of understory species under dominant 
plants. This can lead to increases in the intensity of competition or apparent competition 
due to competition for resources in microsites within this limited area (Tielbörger and 
Kadmon 2000, Soliveres et al. 2011). Hence, in a system with several understory 
species, the net outcome of the dominant plant on the understory species can also be 
mediated to some extent by the understory itself (Golberg and Landa 1991, Levine 
1999, Callaway and Pennings 2000). The increase in the intensity of competition 
amongst understory species can also promote indirect facilitation because less 
competitive species would be released from competition and able to persist in these 
complexes (Tielbörger and Kadmon 2000, Schöb et al. 2013). However, indirect 
facilitation is not only the outcome of interactions amongst a network of competitors as 
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negative indirect effects such as competition enhancement due to concurrent negative 
effects of competitors on a target species can also occur (Xiao and Michalet 2013). 
Hence, the outcome of the net interaction between direct and indirect effects strongly 
determines local plant species richness within deserts in addition to the direct effects of 
abiotic limitation and stressors.  
 
Evidence to date suggests that the role of herbaceous neighbors in mediating 
indirect effects in dominant plant-understory species is equivocal. Manipulative and 
mensurative studies have sometimes found that shrubs do facilitate other plant species 
directly but that competition amongst the facilitated species does not increase in 
comparison to non-facilitated microsites (Tielbörger and Kadmon 2000, Soliveres et al. 
2011). Shrubs also have been reported to increase competition amongst understory 
species and, consequently, promote indirect facilitation (Pugnaire et al. 1996, Pages 
and Michalet 2003, Schöb et al. 2013, Poulos et al. 2014) however it is also likely that 
these interactions have not been examined in sufficient detail. It has been suggested 
that context-dependency could account for these seemingly opposing roles of dominant 
plants (Soliveres et al. 2011, Michalet et al. 2015a), however a mechanistic 
understanding of this process is still in its development and requires further investigation 
(Callaway 2007, Michalet et al. 2015a). Moreover, the relative importance of a shifting 
balance between direct and indirect interactions within the understory/facilitated species 
has only recently become a topic of study (Schöb et al. 2013, Michalet et al. 2015a, b). 
Another key component in determining outcomes can be the life-history strategy of the 
subordinate plant species because fast growing annuals can respond strongly to 
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competition within canopies but more conservative stress-tolerant species may not 
(Rolhauser and Pucheta 2015). Overall, the effect of dominant plants on understory 
communities is likely context-dependent and effects are specific to the associated 
species. Measuring context and tracking species-specific responses to indirect 
interactions will begin to provide more robust estimates of the relative importance of 
indirect effects in stressful environments.  
 
The purpose of this study was to experimentally examine the direct and indirect 
effects of dominant woody species on abundant annual plant species that occur in both 
open and canopied microsites using a combination of surveys and full neighborhood 
removal experiments. We propose that the facilitative outcome by dominant woody 
plants can be further decomposed into apparent facilitation and competition between 
the beneficiary species. The following predictions were tested to examine the role of 
direct facilitation and its extended effects: (1) the density of target species is 
concurrently influenced by herbaceous neighbors density effects and the tree canopy 
within understory microsites; (2) the intensity of negative interactions amongst non-
manipulated annual plants is higher under dominant species because plant growth is 
favored by the relatively benign conditions leading to increased inter-specific annual 
interference (apparent competition); and that (3) the removal of herbaceous neighbors 
will increase the estimated relative growth and reproductive output of target annual 
species due to reduced apparent competition under canopies. Understanding the 
importance of dominant plants in mediating interactions in their understory will inform 
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estimates of coexistence mechanisms in ecosystems characterized by high stress 
conditions.  
 
METHODS 
Study site and species  
Atiquipa in Southern Peru (15oS, 74oW) is a coastal desert with a wet winter 
season between July and November typically characterized by high moisture due to fog 
(about 90% on average). Approximately 70% of the annual rainfall mean (i.e. 200 mm) 
occurs between these months (Sotomayor and Jimenez 2008). Mean annual rainfall in 
2011 was 167.3 mm and in 2012 was 137.4 mm. This was recorded with a Vantage 
Pro2 weather station installed locally (15o46’, 74o23’). The plant community includes a 
few dominant woody species and a diversity of herbaceous plants wherein annuals are 
the most frequent life form. We conducted a survey along this desert in order to select 
five sites for experiments. This survey systematically sampled 1-km grids using 20 x 20 
m quadrats to determine plant cover and species composition within each of these 
grids. These data were then combined with climate information from the database 
WorldClim (Hijmans et al. 2005) and used to quantitatively determine the sites to be 
used for this study. By combining ground-truthed data with climate parameters (e.g. 
temperature, precipitation, and seasonality) and with multivariate statistics, we were 
able to appropriately determine the complex environmental gradients within our field site 
(Lortie 2010) and sampled along these. Five sites (100 x 100 m each) were selected 
using this procedure and were separated by at least 2 km from one another (Appendix 
9). These five sites belong to a private reserve that limits access by cattle and other 
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large herbivores. These sites also corresponded to a natural elevation gradient 
regionally and were chosen to represent the largest amount of environmental variability 
within this desert.  
 
We chose one dominant perennial woody species for this study that was present 
in all five sites. This dominant plant species was the locally abundant 4-5 m tall tree 
Caesalpinia spinosa Molina (Kuntze) (Fabaceae). This tree has a relatively high 
understory of about 2 m, 4-5 m canopy diameter, and it is native to Peru, but can also 
be found in various countries of South America such as Bolivia, Colombia, Ecuador and 
Venezuela tolerating dry climates and poor soils (Brako and Zarucchi 1993).  
 
Vegetation surveys and target understory species 
During the two growing seasons of 2011 and 2012, plant density was surveyed at 
the following two paired microsites: 50 1x1 m plots located in the understory of C. 
spinosa and 50 1x1 m plots in open nearby spaces. Surveys were conducted at the 
peak of the growing season of each year at Atiquipa, Southern Peru. These plots were 
distributed along the 5 sites with 10 replicates in each site per microsite (i.e. understory 
and open). The abundance for each species within the plots (microsite) was recorded 
and was used to calculate plant species density. Two locally abundant understory 
species that occurred in both microsites were selected for further experimentation using 
these surveys. These understory species were the annuals Fuertesimalva peruviana 
(L.) Fryxell (Malvaceae) and Plantago limensis Pers. (Plantaginaceae). F. peruviana is a 
fast-growing erect herb with palmate leaves, that produces 100-200 flowers and is 
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distributed in Peru, Chile, and Bolivia; while P. limensis is a rosette-like herb with linear 
leaves, that produces 50-150 flowers and is endemic to Peru (Brako and Zarucchi 
1993). 
 
The strength of the C. spinosa effect on target species plant density was 
estimated using the Relative Interaction Index (RII) calculated as follows (Armas et al. 
2004): 
  Du - Do 
                                                    RII =                                          (1) 
   Du + Do 
 
The terms Du and Do corresponded to the density of plants in understory and open 
microsites, respectively. This index varies from -1 to +1 with positive effects being > 0 
and negative effects < 0 on the density of these species. 
 
Neighborhood removal experiment 
A neighborhood removal experiment was conducted adapting the methodology 
from Tielbörger and Kadmon (2000) and Callaway and Pennings (2000). To examine 
the intensity of direct and indirect effects on the net outcome for understory plant 
communities, we utilized a fully-crossed factorial design, with microsite (i.e. under the 
canopy of C. spinosa and open), and removal treatment (i.e. neighborhood intact and 
neighborhood removed) as factors. Herbaceous plant neighbors within a radius of 30 
cm of 2-3 individuals of each target species were removed in the “neighborhood 
removed” treatment plots. Each pair of treatments per microsite (i.e. neighborhood 
intact, neighborhood removed) was located in nearby sites, with the canopy treatments 
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located in different individual trees of C. spinosa. Treatment location was randomly 
selected, with 10 replicates per treatment in each of the 5 sites selected, totaling 40 
experimental units per species in each site. At the peak of the growing season of both 
years (2011 and 2012) we measured the height and fruit production of each plant in this 
experimental system. At the end of the growing season of 2012 those entire plants were 
harvested, dried in an oven, and weighed using a Metler Toledo MX5 scale (0.1 μg 
precision). 
 
To estimate the strength of direct and indirect effects on the target species, we 
calculated the Relative Interaction Index (RII) as follows (Armas et al. 2004): 
       RN+ - RN- 
                                                    RII =                                          (2) 
        RN+ + RN- 
 
The terms RN+ and RN- corresponded to the response variable (i.e. plant height, 
fruit production and biomass) of the target species with the presence of a canopy 
neighbor only, presence of understory neighbors only, or both (N+) and with this 
neighbor absent or removed (N-). This index varies from -1 to +1 with positive effects 
being > 0 and negative effects < 0 on the response variable of the target species. This 
allowed us to calculate the following three RIIs: (1) RIIDN that is the direct interaction of 
herbaceous neighbors with the targets in the absence of the dominant plant; (2) RIIDC 
that is the direct interaction of dominant plants with the targets in the absence of 
herbaceous neighbors; and (3) RIIIC that is the indirect interaction of canopies with the 
target species mediated by herbaceous understory neighbors respectively (sensu 
Michalet et al. 2015b). 
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Michalet et al. (2015b) differentiated between indirect effects and indirect 
outcomes. Indirect effects occur when the interaction between dominant plants and 
target species is significantly altered by the presence of herbaceous neighbors (sensu 
Wootton 1994); this occurs when the indirect interaction index (RIIIC) is significantly 
different from the direct interaction index (RIIDC). When RIIIC is significantly higher than 
RIIDC the indirect effect is positive, and when RIIIC is significantly lower than RIIDC the 
indirect effect is negative. Indirect outcomes can be conceptualized in four cases (Table 
1). Indirect facilitation (1) and additional additional facilitation (2) occur when both the 
indirect effect and the RIIIC are positive. In the former instance, the RIIDC is negative or 
neutral, whereas in the latter, the RIIDC is positive. Indirect competition (3) and additional 
competition (4) occur when both the indirect effect and the RIIIC are significantly 
negative. Indirect competition occurs when the RIIDC is positive or neutral, and 
additional competition occurs when the RIIDC is already significantly negative. 
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Table 1. Summary of the four possible indirect outcomes based on direct and indirect 
interaction indices. Greater-than or lower-than symbols indicate significant differences 
that are considered to determine the respective indirect outcome. Adapted from 
Michalet et al. (2015a, b). 
Indirect effect Direct RII (RIIDC)  Indirect RII (RIIIC) Indirect outcome 
Positive Negative/Neutral < Positive Indirect facilitation 
Positive Positive < Positive Additional facilitation 
Negative Positive/Neutral > Negative Indirect competition 
Negative Negative  > Negative Additional competition 
 
 
Statistical analyses 
All variables were fitted to probability distributions and tested for homogeneity of 
variances (Zar 1999, Zuur et al. 2010). The best probability distribution fit for all 
variables was exponential as estimated by Akaike Information Criterion (Appendix 10). 
Generalized linear mixed models (GLMMs) with a reciprocal link function were 
subsequently used to examine effects (McCulloch et al. 2008, SAS Institute Inc. 2015). 
Plant density estimates for the target species, other non-target species, and total 
species present in the quadrats across both years were analyzed separately using 
GLMMs to compare differences between microsites (under C. spinosa and open 
spaces) with site as a random effect. An additional variable was used to denote the 
temporal structure nested within microsites as a random effect (repeated measures 
effect), and year was treated as a fixed factor. To estimate if there was an effect of other 
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non-target species on the target species density from surveys, we used GLMMs with 
site as random effect and compared the parameter estimates between microsites of 
non-target species density for the significant relationships. The removal experiment was 
analyzed with fully orthogonal GLMMs using target species (F. peruviana and P. 
limensis), microsite (under C. spinosa and open spaces), and treatment (neighborhood 
intact and neighborhood removed) as main effects for all variables separately: fruit 
production, plant height and biomass. Site was included in the models as a random 
effect. For fruit production and plant height, an additional variable denoting the temporal 
structure associated with different years was nested within treatments as a random 
effect (repeated measures effect) and year was included as a fixed effect (McCulloch et 
al. 2008, SAS Institute Inc. 2015). Three-way interaction terms in these models were not 
included because the sample sizes needed to examine multilevel models were not 
sufficient (Maas and Hox 2006). Post-hoc comparisons were conducted using Chi-
squared tests (Littell et al. 2006, SAS Institute Inc. 2015). All RIIs (RIIplant density; RIIDN, 
RIIDC, and RIIIC of plant height, number of fruits and biomass) were analyzed using one 
sample t-tests to test that there were significantly different from zero. All RIIs from the 
removal experiment (i.e. RIIDN, RIIDC, RIIIC) were compared per target species and 
response variable using one-way ANOVAs (Michalet et al. 2015b). Indirect outcomes 
were assigned using the conceptual framework developed herein (Table 1). 
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RESULTS 
Surveys of plant density 
We found significant differences in plant density of F. peruviana, P. limensis, 
other non-target species, and total plant density between microsites and between years 
(Table 2). During 2011, F. peruviana was negatively associated with C. spinosa whilst in 
2012 this species was neutrally associated with that dominant plant (Figure 1). In both 
years, P. limensis was neutrally associated with the dominant plant (Figure 1). In both 
years, the density of F. peruviana was positively related with the density of its neighbors 
in understory microsites. Only in 2012 this relationship contrasted with that of open 
microsites (Table 3). The density of P. limensis was negatively related with the density 
of its neighbors in understory microsites in both years. This density correlation was 
positive in the open microsites only in 2012 (Table 3).  
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Table 2. Summary of generalized linear mixed models (GLMMs) for the differences in 
plant density between microsites from surveys in Atiquipa, Southern Peru. Bolded 
values denote significance at P < 0.05. 
 
 
 
 
Effect 
Target species     
F. peruviana (d.f. 
= 158) 
P. limensis (d. f. = 
158) 
Other non-target 
species (d.f. = 158) 
Total (d. f. = 158) 
Chi-
square 
P-value Chi-
square 
P-value Chi-
square 
P-value Chi-
square 
P-value 
Microsite 1.48 0.2232 191.84 <0.0001 1969.74 <0.0001 1684.49 <0.0001 
Year 611.61 <0.0001 699.86   <0.0001 1692.85 <0.0001 3219.64 <0.0001 
Microsite*
Year 
39.62 <0.0001 0.12 0.7330 202.75 0.0114 412.29 <0.0001 
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Table 3. Summary of parameter estimates (slope) from GLMMs examining the effect of 
neighborhood density on the density of two target species under shrubs and in the 
open. Density is number of plants per m-2. Observed probability functions were 
exponential. Bolded values denote significance at P < 0.05. 
Target 
species 
Canopy   Open   
Parameter 
estimate Chi-square P-value 
Parameter 
estimate Chi-square P-value 
2011       
P. limensis -0.000079 7.153 0.0075 -0.000039 0.089 0.7653 
F. peruviana 0.003883 15.809 <0.0001 0.000178 5.598 0.0180 
2012       
P. limensis -0.000403 4.688 0.0304 -0.001611 11.712 0.0006 
F. peruviana 0.117373 46.376 <0.0001 -0.075261 3.354 0.0671 
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Fig. 1 Relative interaction indices (RII) ± 1SE for plant density of the target annual 
species from censuses at the peak of the growing season in Atiquipa, southern Peru. 
Stars indicate significantly different from zero RII values obtained from one sample t-
tests (* P < 0.05, ** P < 0.01) 
 
 
Neighborhood removal experiment 
Plant height, fruit production, and biomass were significantly influenced by the 
removal treatment (Table 4). Target plant height was significantly reduced due to 
neighborhood removal for F. peruviana in both years for open microsites (2011: Chi-
squared = 7.09, p < 0.05; 2012: Chi-squared = 8.45, p < 0.05; Figure 2). P. limensis 
displayed the greatest effects following the removal treatments (Figure 2): (1) plant 
height was significantly different in both years and in open microhabitats after 
 	
105 
neighborhood removal, shorter plants in 2011 (Chi-squared = 8.09, p < 0.05), and taller 
plants in 2012 (Chi-squared = 6.17, p < 0.05 for 2012); (2) increased fruit production per 
plant after neighborhood removal in understory microsites in both years (Chi-squared = 
4.43, p < 0.05 for 2011, Chi-squared = 6.33, p < 0.05 for 2012; Figure 2); and finally (3) 
significantly greater biomass after neighborhood removal in open microhabitats in 2012 
(Chi-squared = 10.05, p < 0.05).  
 
In 2012, F. peruviana plant height was positively affected by direct interactions 
with canopies (RIIDC) (Figure 3). Fruit production of F. peruviana was also favored by 
positive direct canopy interactions (RIIDC), and there was an indirect negative effect 
because RIIIC was significantly lower than RIIDC (Figure 3, Table 5). In both years, the 
plant height of P. limensis was favored by positive indirect canopy interactions (RIIIC). 
The fruit production of P. limensis in 2011 was not affected by direct canopy interactions 
(RIIDC), but negatively affected by indirect canopy interactions (RIIIC). This resulted in 
indirect competition mediated via plant neighbors (Table 5). Finally, the biomass of P. 
limensis was not impacted by direct canopy interactions (RIIDC), although indirect 
canopy interactions were negative (RIIIC, Figure 3).   
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Table 4. Summary of GLMMs for plant height, fruit production and biomass following a 
neighborhood removal treatment in Atiquipa, Southern Peru. Entire herbaceous 
neighborhoods were removed at two microsites: under C. spinosa and open adjacent 
microsites. Bolded values denote significance at P < 0.05. 
Effect Number of fruits/plant 
(d. f. = 379) 
Plant height (d. f. = 
390) 
Biomass (d. f. 
=257) 
Chi-
square 
P-value Chi-
square 
P-value Chi-
square 
P-value 
Year 4.03 0.0447 17.11 <0.0001 -- -- 
Species 1.9 0.1678 1.45 0.2282 37.25 <0.0001 
Microsite 3.99 0.0455 0.02 0.8762 8.63 0.0033 
Removal 5.77 0.0163 14.62 0.0001 6.71 0.0096 
Microsite*Removal 0.89 0.3455 2.59 0.1072 2.89 0.0892 
Species*Microsite 2.63 0.1047 0.01 0.901 0.07 0.7931 
Species*Removal 1.06 0.3041 0.00 0.9707 6.13 0.0133 
Year*Species*Microsite*
Removal 
0.03 0.8614 0.16 0.6869 -- -- 
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Table 5. Summary of indirect interaction effects and outcomes in a desert tree-
understory assemblage tested using herbaceous neighborhood removals under the 
canopy and in open. The four possible indirect outcomes are (see Table 1 and Methods 
for details): indirect facilitation, additional facilitation, indirect competition, and additional 
competition. 
Target 
species 
Measure 2011 2012 
Indirect 
effect 
Indirect 
outcome 
Indirect 
effect 
Indirect 
Outcome 
F. peruviana Plant height -- -- -- -- 
 Fruit 
production 
Negative -- -- -- 
 Biomass   -- -- 
P. limensis Plant height -- -- -- -- 
 Fruit 
production 
Negative Indirect 
competition 
-- -- 
  Biomass     -- -- 
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Fig. 2 Plant height (cm) + 1SE, fruit production (number of fruits. plant-1) + 1SE, and 
final biomass (g) + 1SE of two target annual species (Fuertesimalva peruviana and 
Plantago limensis) after an herbaceous neighborhood removal experiment (N+ = 
neighborhood intact, N- = neighborhood removed) conducted during two years in 
Atiquipa, southern Peru. Stars (*) indicate significant differences between removal 
treatments in a microhabitat (P < 0.05)  
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Fig. 3 Relative interaction indices (RII) ± 1SE for plant height, number of fruits. plant-1 
(fruits), and final biomass of two target annual species (Fuertesimalva peruviana and 
Plantago limensis) after an herbaceous neighborhood removal experiment conducted 
during two years in Atiquipa, southern Peru. DN is the direct interaction of the 
neighbors, DC the direct interaction of the canopy, and IC is the indirect interaction of 
the canopy mediated by herbaceous neighbors. Stars indicate significantly different 
from zero RII values obtained from one sample t-tests (* P < 0.05, ** P < 0.01). P-values 
on each graph indicate the result of one-way ANOVAs comparing RIIs for each species, 
with significantly different RIIs not sharing the same letter. 
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DISCUSSION 
Understanding the outcome of the effects of dominant plants on understory 
communities remains a challenge in community ecology because of the capacity for 
extended and unique effects within dominant-herbaceous assemblages. Apparent or 
indirect competition amongst understory species can be just as important as direct 
facilitation in determining their performance which has important theoretical and applied 
consequences for coexistence in stressful ecosystems (Chesson et al. 2004, Cuesta et 
al. 2010, Schöb et al. 2013) as well as their management (Gomez-Aparicio 2009, 
Caldeira et al. 2014). In surveys, both target species were generally detected evenly in 
the open and under woody dominants but were influenced by the abundance of other 
beneficiary plant species. This suggests that apparent interactions within understories 
mediate and change the sign of net outcomes for at least these two target species 
tested. Neighborhood removal and microsite had separate effects on plant height, fruit 
production, and biomass for both target species showing that plant neighborhoods had 
both direct effects on the targets and also mediated canopy effects on the targets. The 
removal of plant neighbors of P. limensis resulted in increased fruit production in 
understory microsites which suggests that removal reduced apparent competition in 
understory microsites for this particular species. Conversely, the removal of plants 
neighbors of F. peruviana did not have any effect on fruit production or final biomass, 
but decreased plant height in open microhabitats indicating no significant competition 
for this species in canopied microsites. Relative interaction indices (RIIs) suggest direct 
and indirect interactions were most frequent for the target species P. limensis. 
Integration of interaction indices and effects detected indirect competition only for the 
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target P. limensis suggesting that this species is more sensitive to plant-plant 
interactions relative to the other target tested. Hence, apparent competition can occur 
under the canopy of dominant benefactor species but is likely species specific. 
Importantly, these results provide evidence that plant neighbors in dominant plant-
understory systems can mediate indirect effects for target species but are dependent on 
the specific species and traits examined.  
 
Our main hypothesis in this study was that competition in the understory of 
dominant woody plants would be increased due to the positive effects brought by 
dominant plants in arid environments. We detected indirect competition mediated by 
understory neighbors for the target species P. limensis. An increase in competitive 
interactions in understory plant communities of arid environments has been reported 
previously (Pugnaire et al. 1996, Schöb et al. 2013, Poulos et al. 2014), and it is likely 
due to the increased density of plants within these microsites. Conversely, 
neighborhood-mediated effects of dominant plants did not influence the target species 
F. peruviana. A similar pattern has also been reported previously for this trend too 
(Tielbörger and Kadmon 2000, Soliveres et al. 2011). Stronger positive direct effects of 
plant canopies or increased niche segregation can weaken possible indirect effects and 
likely best explain this trend (Soliveres et al. 2011, Michalet et al. 2015). Our findings 
illustrate that indirect effects of dominant plants on understory species are thus species-
specific. The different life-history strategies of the target species can be an explanation 
or possible tool to examine these differences (Pages and Michalet 2006, Rolhauser and 
Pucheta 2015). F. peruviana, the least affected species, is a fast-growing annual plant 
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thereby acting as a ruderal species (sensu Grime 1979) whereas P. limensis is as a 
more competitive annual species with a slower growth rate and a rosette-like 
architecture. Theory predicts that competitive species would be more affected by biotic 
interactions (Rolhauser and Pucheta 2015). These life-history classifications in addition 
to plant function group classifications (Pages and Michalet 2006, Michalet et al. 2015a) 
can serve as predictive tools for further studies of indirect effects within understory 
communities. Overall, these findings add to a growing body of research demonstrating 
that direct positive interactions are composed by both direct and indirect effects on the 
facilitated species, but we have also added the novel and likely critical finding that these 
effects are species-specific.  
 
In this study, we combined field surveys and manipulations under field conditions 
and detected different outcomes associated with the performance response and species 
measured. These approaches tested different levels of organization. Field density 
surveys examine both community and population-level processes, and field removals 
test species-specific responses to the community. This is also a methodological 
distinction as the reported outcomes from different methods can vary significantly 
(Kikvidze and Armas 2010, Gomez-Aparicio 2012, Schöb et al. 2012). In our study, P. 
limensis was evenly associated with the dominant plant and open microsites. It showed 
consistent results between the two methodologies with negative neighborhood effects in 
both experiments. The second target species, F. peruviana, was also evenly associated 
with the dominant plant and open but showed positive associations in density with 
neighborhood density in the survey and generally no significant effects of neighborhood 
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removal. These differences between methodologies can be due to the fact that each 
approach would be measuring a different aspect of the interaction between plants and a 
different level of community organization (Dunne et al. 2004, Schöb et al. 2012). For 
instance, fruit production measurements after removal treatments would be integrating 
the final outcome of interactions of individual-based effects, or the net effect, whereas 
regression analyses on survey data at the peak of the growing season would provide a 
snapshot of the physiological status at a population level effect due to interactions. 
Moreover, measurements directly related to plant fitness, such as fruit production, would 
be yielding different results than those reflecting demographic processes, such as plant 
density (Tielbörger and Kadmon 2000, Lortie et al. 2016). Although the mensurative 
approach is more amenable for field studies, experimental manipulations, such as 
removals, provide a more accurate depiction of the effects among species (Díaz et al. 
2003), and hence a combination of both should be used to better inform ecological 
theory and its applications. These two methodologies would explore different dynamics, 
with the mensurative approach capturing variation within the community more effectively 
and removal treatments capturing the effects of loss within the community. 
 
Competition and facilitation are concurrently acting between neighboring plants in 
plant communities (Wright et al. 2014), and indirect effects within canopies can be as 
important as direct positive effects. The finding that dominant plants exert direct canopy 
effects and indirect neighborhood effects has important implications for coexistence 
under extreme conditions. As dominant plants can indirectly compete with some 
abundant understory species (i.e. apparent competition with P. limensis), this effect 
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could result in competitive release for less abundant species, which would promote 
resource partitioning as a mechanism of coexistence in this arid plant community 
(Tilman 1982, Chesson et al. 2004, Scheffer and van Nes 2006). Increased competition 
within understories likely acts as a mechanism promoting two-phase vegetation mosaics 
(i.e. understory and open microsites), because these microsites can sometimes regulate 
the emergence of dominant plants via direct and indirect effects in combination with 
other spatiotemporally variable mechanisms such as seed trapping or rainfall (Cipriotti 
et al. 2014, Cipriotti and Aguiar 2015). Importantly, understory microsites in stressful 
environments can open doors to invasions through facilitation and biotic acceptance 
(Flory and Bauer 2014, Badano et al. 2015), but indirect effects can filter and reduce 
invasions through biotic resistance associated with the subordinate community. Overall, 
this study underscores the importance of plant-plant indirect interactions for species 
coexistence in environments of stressful conditions, and that these interactions are 
composed by a series of direct and indirect effects. Global change will most certainly 
also influence indirect interactions by altering physiologies and competitive hierarchies 
(Brooker 2005, Valiente-Banuet et al. 2015).  
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ABSTRACT 
Nurse-plants generally have positive effects on understorey species by creating more 
suitable conditions for stress intolerant plants relative to open micro-habitats. However, 
long-term effects of this plant-plant facilitation system have been rarely examined.  
Seeds of five desert annual species from Atiquipa coastal desert in Southern Peru were 
used to examine whether different microenvironmental conditions under the nurse-
plants Caesalpinia spinosa Molina (Kuntze) lead to differences in seed biology and 
germinability of annual plants relative to open, canopy-free conditions. Seeds collected 
from plants associated with nurse-plants were predicted to be (i) larger due to more 
favourable growing conditions, (ii) more viable and with greater germination rates, (iii) 
less variable in size and viability due to reduced environmental heterogeneity, and (iv) 
to germinate faster to avoid apparent competition with other annuals. Seed attribute 
measurements and germination trials in growth chambers were used to test these 
predictions. Although the plant abundance of only 2 of 5 species was strongly facilitated 
by the nurse-plant, no significant differences were found in seed mass, viability, or 
relative variability between understorey and open micro-habitats for any of the species. 
Contrary to our predictions, final seed germination rates of seeds from open micro-
habitats were higher, and the open micro-habitat treatment was more favourable for 
germination of seeds from both open and understorey environments. Taken together, 
these results suggest that plant-plant facilitation does not necessarily affect seed 
biology traits. Further studies addressing larger distribution ranges and/or density 
gradients of understorey species will illuminate the potential evolutionary effects of 
nurse-plants.  
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Keywords: differentiation, ecotypes, facilitation, germination, nurse-plant, positive 
effects, seeds, viability.  
 
INTRODUCTION 
Consequences of positive effects in plant communities (i.e. facilitation) have been 
widely demonstrated and incorporated into general ecological theory (Bruno et al. 2003; 
Callaway 2007; Brooker et al. 2008). Facilitation effects on the frequency of occurrence 
of species have been shown to occur in several ecosystems, although most frequently 
in stressful environments such as deserts (Bertness & Callaway 1994; Flores & Jurado 
2003; Holzapfel et al. 2006). Nurse-plants have been championed by ecologists as clear 
examples of positive interactions in stressful environments (Maestre et al. 2003; 
Gomez-Aparicio et al. 2004). Effects of nurse-plants have usually been described in 
terms of an increase in abundance and/or diversity of understorey plants compared to 
neighboring open environments, i.e. away from the nurses (Pugnaire et al. 1996; 
Holzapfel et al. 2006). Nurse-plants generate more benign habitats that allow stress 
intolerant species to persist under extreme environmental conditions (Liancourt et al. 
2005; Maestre et al. 2009). Facilitation at local scales is likely more frequent in 
ecosystems subject to significant perturbation or abiotic limitation (Kéfi et al. 2008). 
Local facilitation depends on low dispersal ability of the target species, and this is a trait 
generally reported for desert annuals (Ellner & Shmida 1981; Venable et al. 2008; Ward 
2009). Venable et al. (2008) demonstrated that the mean dispersal distances for these 
species are on average relatively small at less than one metre. Wilson (1993) showed 
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that the mean dispersal distance was 0.92 m for herbaceous species with morphological 
adaptations for wind dispersal, and 0.49 m for herbaceous species with no apparent 
dispersal mechanism. Moreover, nurse-plants usually act as seed traps and barriers for 
the dispersal of understorey species (Bullock & Moy 2004; Giladi et al. 2013). Low 
dispersal ability in stressful environments could potentially lead to ecotypic 
differentiation between plants from understorey and open micro-habitats. This 
hypothesis has however remained unexamined to date (but see Liancourt & Tielbörger 
2011). Moreover, increased abundance of plants under nurse-plants can also lead to 
increased competition (or apparent competition), although evidence of this is equivocal 
to date (Tielbörger & Kadmon 2000; Seifan et al. 2010). Increased competition among 
understorey plant species associated with nurse-plants (i.e. apparent competition 
mediated by the nurse-plant by increasing negative effects among understorey plant 
species competing for abiotic resources) could in theory induce accelerated adaptive 
germination (Dyer et al. 2000; Goldberg et al. 2001) to avoid such competitive effects. 
Ecotypic differentiation and local adaptation following nurse-plant facilitation are 
therefore two important evolutionary processes that may occur in harsh environments. 
They nonetheless represent critical research gaps in plant interaction ecology (Callaway 
2007; Brooker et al. 2008; Thorpe et al. 2011), and a close examination of changes in 
life-history traits of understorey annual plants is a pertinent starting point to address 
them.  
 
Desert plant species cope with harsh conditions by avoiding them (i.e. annuals) 
or enduring them (i.e. shrubs) (Whitford 2002; Ward 2009). For annuals, seed 
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production represents their only link between one generation and the next, and seed 
germination is also critical (Pake & Venable 1996; Facelli et al. 2005). Germination of 
annuals has to be finely tuned with environmental cues to ensure that germinating 
plants will produce new seeds for the species to persist (Noy-Meir 1973; Venable 2007). 
To this end, many strategies have been described such as dormancy to remain latent 
until appropriate environmental conditions arise (Baskin & Baskin 2001), bet-hedging in 
which plants delay short-term germination in favour of long-term fitness increases 
(Venable & Lawlor 1980), or age structuring of seed banks (Chesson 2000; Adonkakis 
& Venable 2004). However, in the context of nurse-plants, little is known on whether the 
positive effects experienced by plants in the understorey translate into increased seed 
germination capabilities due to improved micro-environmental conditions, and whether 
these traits would be evolutionary stable (Thorpe et al. 2011). Maternal effects 
expressed in seeds traits are commonly studied and well established (Roach & Wulff 
1987; Galloway 2005; Donohue 2009). Increased size (Sultan 1996; Valencia-Díaz & 
Montaña 2005), germination fraction and viability (Baskin & Baskin 2001; Valencia-Díaz 
& Montaña 2005; Breen & Richards 2008) of seeds have been reported as 
consequences of the maternal plant experiences including environmental conditions. 
However, few studies track the effects of facilitation to the seeds (but see Liancourt & 
Tielbörger 2011), even for more evident facilitation consequences on seeds such as 
seed traps (Pugnaire & Lazaro 2000). Given that nurse-plants commonly facilitate 
annuals and that the seed bank is a critical tool for persistence, nurse-plant effects on 
seeds thus represent a critical question to explore longer-lasting consequences of plant 
facilitation such as ecotypic differentiation. 
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The purpose of this study was to determine the effects of nurse plants on seed 
biology and germination of understorey annual plant species relative to the same 
species growing in open micro-habitats. We hypothesized that facilitation by nurse-
plants generates sufficiently different micro-environmental conditions that lead to 
consistent differences in seeds traits of understorey plants. We explored the following 
predictions to test this hypothesis: seeds collected from plants associated with the 
nurse-plant micro-habitat would (i) be larger due to more favourable growing conditions, 
(ii) have greater viability and germination rate (iii) have less variability in size and 
viability due to reduced environmental heterogeneity provided by nurses (buffering), and 
(iv) germinate faster due to potential apparent competition with other annuals. Whilst 
many studies have examined and documented the importance of nurse plant-plant 
interactions for understorey plant diversity and abundance (Callaway 2007; Brooker et 
al. 2008), few of them have explored the potential evolutionary implications for 
beneficiary species by examining other life-history stages such as seed viability and 
germination (but see Liancourt & Tielbörger 2011). Reciprocal common gardens are an 
important approach to study trait sets under sets of conditions that a species may be 
associated with, particularly when the habitats are very discrete (Hufford & Mazer 2003; 
Maron et al. 2004). A smaller-scale version of this approach is applied here using a 
reciprocal germination design in growth chambers programmed to emulate each set of 
conditions from field measurements (open versus understorey). This design identifies 
whether there is preliminary evidence for ecotypic differentiation in seed traits driven by 
nurse-plant facilitation. 
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METHODS 
Study site and species  
Seeds of 5 annual species were collected from Atiquipa, Southern Peru (15oS, 
74oW). Atiquipa is a coastal desert with a wet winter season occurring between July and 
November and characterized by high moisture due to fog (about 90%) and with about 
70% of the annual rainfall mean (e.g. 200 mm) falling between those months 
(Sotomayor & Jimenez 2008). One of the nurse-plant species of this location is the 
locally abundant 4-5m tall tree Caesalpinia spinosa Molina (Kuntze) (Fabaceae). This 
tree is native to Peru, where is abundant, but it can also be found in various places of 
South America such as Bolivia, Colombia, Ecuador and Venezuela tolerating dry 
climates and poor soils (Sprague 1931). The five understorey annual species used in 
this study were selected because of their relatively high abundance and their 
contrasting relative patterns of abundance from high to low densities in the understorey 
of nurse-plants. They were Alonsoa meridionalis (L. f.) Kuntze (Scrophulariaceae), 
Cyperus hermaphroditus (Jacq.) Standl. (Cyperaceae), Fuertesimalva peruviana (L.) 
Fryxell (Malvaceae), Nassella mucronata (Kunth) R.W. Pohl (Poaceae), and Plantago 
limensis Pers (Plantaginaceae). Both Cyperus hermaphroditus and Nasella mucronata 
correspond to grass-like species that grow up to 30-40cm tall and produce 80-150 
seeds per plant. Meanwhile, Alonsoa meridionalis and Fuertisimalva peruviana can 
grow up to the size of little shrubs (about 80cm tall) and produce thousands of seeds 
from their numerous flowers (especially for Alonsoa meridionalis). Plantago limensis is a 
small annual rosette plant that grows up to 20-30 cm and produces 40-70 seeds per 
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individual. All 5 species are distributed along the Andes from 0 to about 4000 m asl in 
South America, although Plantago limensis is endemic to Peru (Brako & Zarucchi 
1993).  
 
Entire plants including their seeds were collected in December 2012 (end of 
spring/start of summer) across five sites separated by about 2 km within Atiquipa, right 
after seed set and plant senescence. Both understorey (i.e. under nurse-plant) and 
open micro-habitats were sampled in each site, where plants were harvested in pairs 
with one individual from understorey and one from open micro-habitat. Pairs of plants 
were carefully selected to span the whole species distribution range in each location, 
and were therefore at least 5 m apart to ensure the collection of different meta-
populations considering average dispersal distances reported in the literature (see 
Wilson 1993; Venable et al. 2008). At least five pairs of plants (i.e. replicates) were 
collected in each site for each species, for a total of 125 pairs, i.e. 250 plants. 
 
Plant density 
Plant density of each species in each micro-habitat was recorded at the peak of 
the 2012 growing season (October) using 0.25 m2 quadrats (n = 90): 9 quadrats per 
micro-habitat type paired across the five locations used for seed collection. The strength 
of nurse-plant effect on each understorey plant species density was reported via the 
Relative Interaction Index (RII), which was calculated as follows (Armas et al. 2004): 
  Du - Do 
                                                    RII =                                          (1) 
   Du + Do 
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The terms Du and Do corresponded to the density of plants in understorey and open 
micro-habitats, respectively. This index varies from -1 to +1 with positive effects being > 
0 and negative effects < 0 on the density of these species. 
 
Seed mass and viability 
Because of their small size, seeds of all species were weighed in groups of 10 
using a Metler Toledo MX5 scale (0.1 µg precision). A total of 200 seeds were weighed 
per micro-habitat per species. Seed viability was assessed via tetrazolium (Tz) tests, a 
valid method for both dormant and non-dormant embryos (Flemion & Poole 1948; 
Baskin & Baskin 2001). Embryos were dissected from 24-hour water-imbibed seeds, 
and then placed in a 1% solution of 2,3,5-triphenyl-2H-tetrazolium chloride (TTC) for 
another 24 h before evaluation. They were considered viable when they had turned red 
or pink due to the reaction between TTC and hydrogen ions released by embryos during 
respiration (Baskin & Baskin 2001). This test was carried out on 25 randomly selected 
seeds per replicate, with 4 replicates per micro-habitat per species (200 seeds per 
species, 100 per micro-habitat).  
 
Seed germination trials 
Germination trials were conducted in growth chambers whose conditions 
simulated both open and understorey micro-habitats. Micro-habitat conditions were 
measured in situ using HOBO U-23 Pro-V2 loggers for temperature and humidity (two in 
each micro-habitat, understorey of Caesalpinia spinosa), and HOBO UA-002-64 loggers 
for light intensity and temperature (one in each micro-habitat). Loggers were installed in 
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the field site on August 2011, and recorded micro-habitat conditions during the whole 
growing season, i.e. until mid-October 2011. Data from the loggers were aggregated to 
obtain 2-hour means for temperature, relative humidity, and light intensity in order to 
program the growth chambers simulating our field site conditions (Table 1). Mean 
temperature and relative humidity were best simulated in the growth chambers, 
however light conditions, especially for the open maximum, did diverge from field site 
conditions (Table 1). Overall, the growth chambers were able to effectively simulate the 
general patterns of relative differences between open and understorey micro-habitats, 
i.e. warmer, less humid and with increased illuminance towards the middle of the day for 
open micro-habitats. 
 
The growth chamber experiment was run in six growth chambers (Sanyo MLR-
351H, Japan), with three of them simulating understorey micro-habitat conditions, and 
three simulating open space micro-habitat conditions. We utilized a full-factorial 
reciprocal design using 10 seeds per replicate and the following factors: 2 germination 
environments (open, understorey), 2 seed sources (open, understorey), and 5 species, 
with 10 replicates per treatment. This was a total of 200 experimental units tested. Seed 
germination was recorded every 2-3 days until no further changes were observed for at 
least one week (after 27 days in total). A seed was considered germinated when the 
radicle or coleoptile was visible by 1 to 2 mm. 
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Table 1. Micro-habitat data for open (O) and understorey (U) conditions obtained from 
field observations at Atiquipa, Southern Peru. Field values are presented ± 1SE, and 
values utilized to program the growth chambers are between brackets.  
Hour of 
the day 
Temperature (oC) 
Relative humidity 
(%) Illuminance (lx)* 
O U O U O U 
0-4 
 
12.5 ± 0.1 
(12.5) 
12.2 ± 
0.1 
(12.2) 
84.5 ± 0.6 
(85) 
86.1 ± 
0.4 (86) 
0.0 ± 0  
(0) 
0.0 ± 0  
(0) 
4-8 
 
11.8 ± 0.1 
(11.8) 
11.7 ± 
0.1 
(11.7) 
85.1 ± 0.6 
(85) 
86.6 ± 
0.4 (87) 
93.9 ± 10.5 
 (0) 
68.1 ± 20.8 
(0) 
8-10 
 
12.5 ± 0.1 
(12.5) 
12.6 ± 
0.2 
(12.6) 
86.0 ± 0.9 
(86) 
87.1 ± 
0.7 (87) 
2860.7 ± 150.7 
 (2) 
6402.3 ± 
1048.7 (3) 
10-12 
 
15.0 ± 0.2 
(15.0) 
14.2 ± 
0.2 
(14.2) 
84.1± 0.9 
(84) 
87.3 ± 
0.7 (87) 
10862.0 ± 594.9 
(4) 
4005.6 ±  458.5 
(2) 
12-14 
 
22.4 ± 0.3 
(22.4) 
15.2 ± 
0.2 
(15.2) 
76.9 ± 0.9 
(77) 
86.7 ± 
0.7 (87) 
54855.2 ± 
2412.4 (5) 
1247.3 ± 30.6 
(1) 
14-16 
 
24.9 ± 0.4 
(24.9) 
15.1 ± 
0.2 
(15.1) 
72.2 ± 1.0 
(72) 
86.2 ± 
0.7 (86) 
59898.1± 2629.5 
(5) 
866.5 ± 19.2 
(1) 
16-18 
 
20.8 ± 0.3 
(20.8) 
14.5 ± 
0.2 
(14.5) 
75.4 ± 1.0 
(75) 
85.7 ± 
0.7 (86) 
19444.1 ± 
1120.2 (4) 
373.5 ± 17.0 
(1) 
18-20 
 
15.3 ± 0.2 
(15.3) 
13.3 ± 
0.1 
(13.3) 
82.7 ± 0.9 
(83) 
86.0 ± 
0.6 (86) 
993.9 ± 128.3 
(1) 
27.3 ± 2.7  
(0) 
20-24 
 
13.4 ± 0.1 
(13.4) 
12.6 ± 
0.1 
(12.6) 
85.1 ± 0.6 
(85) 
86.5 ± 
0.4 (87) 
0.0 ± 0  
(0) 
0.0 ± 0 
(0) 
* Illuminance in the growth chambers could only be programmed using “light steps” 
(LS), corresponding to the number of light bulbs active at each step within the chamber. 
At 0 LS no bulb is active (0 lx); 1 LS, 1 bulb on (~1800 lx); 2 LS, 2 bulbs on (~3400 lx); 3 
LS, 3 bulbs on (~5000 lx); 4 LS, 9 bulbs on (~15000 lx); and 5 LS, 15 bulbs on or all 
available (~22000 lx). 
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Statistical analyses  
Generalized linear mixed models (GLMM) were used to test for differences in 
plant density, seed mass and seed viability among species and seed sources, including 
the species x source interaction. In order to test for differences in relative scaled 
variability between sources, we calculated coefficients of variation (CVs) for seed mass 
and seed viability estimates, and compared those using t-tests with species as 
replicates. Germination trial responses were condensed into final germination rate and 
number of days to 50% germination. These variables were also analyzed with GLMMs, 
using simulated micro-habitat, seed source, species and interaction terms as fixed 
factors. Seed mass was included as a covariate given that it can have an effect on 
germination (Maranon & Grubb 1993; Leishman & Westoby 1994). Pair-wise post-hoc 
comparisons were done using Chi-square tests (Littell et al. 2006; SAS Institute Inc. 
2012). The post-hoc p-values were corrected for multiple comparisons using the false 
discovery rate procedure (Benjamini & Hochberg 1995). To document the strength of 
reciprocal effects of the simulated micro-habitat conditions we calculated RII using 
Equation 1 (Armas et al. 2004), wherein Du corresponded to the condition when the 
simulated micro-habitat matched the seed source, and Do corresponded to the condition 
when seed germination was assessed on the reciprocal simulated micro-habitat. The 
effect of the simulated micro-habitat on the germination of seeds collected from both 
micro-habitats was considered positive when RII > 0, and negative when RII < 0. 
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RESULTS 
Plant density 
Micro-habitats and species identity significantly influenced plant density 
estimates in the field (Fig. 1, Table 2, Appendix 11). Cyperus hermaphroditus and 
Nassella mucronata were more abundant in the understorey benefiting from strong 
facilitative effects by the nurse-plant Caesalpinia spinosa. However, Alonsoa 
meridionalis and Fuertesilmalva peruviana were more abundant in open micro-habitats 
whilst the abundance of Plantago limensis did not significantly differ between micro-
habitats.   
 
Seed mass and viability 
There were no significant differences in seed mass between understorey and 
open micro-habitats, but there were significant differences among species (Table 2, 
Appendix 12). The percentage of viable seeds was not significantly different between 
micro-habitats or among species (Table 2, Appendix 12). There were no significant 
differences in the coefficients of variation for seed mass and seed viability between 
collection sources (seed mass: t8 = 0.7927, p = 0.4508, seed viability: t8 = 0.1584, p = 
0.8781). 
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Table 2. Summary of GLMMs of plant density, seed mass and viability for five annual 
species found in both understorey and open micro-habitats (i.e. seed sources). Chi-
square values are presented along with the corresponding p-values. Bolded values 
indicate statistically significant differences (p < 0.05). 
 
Plant density 
(DF=440) 
Seed mass 
(DF=190) 
Seed viability 
(DF=30) 
Effect 
Chi-
square p-value 
Chi-
square p-value 
Chi-
square p-value 
Species 2223.62 <0.0001 97.25 <0.0001 4.78 0.3103 
Source 1514.66 <0.0001 0.05 0.8291 0.00 0.9756 
Species*Source 2171.96 <0.0001 0.06 0.9996 0.05 0.9997 
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Table 3. Summary of GLMMs of seed germination under controlled conditions (growth 
chambers). Micro-habitat refers to the chamber conditions, while source corresponds to 
the micro-habitat where seeds were collected. Chi-square values are presented along 
with corresponding p-values. Bolded values indicate statistically significant differences 
(p < 0.05). 
Effect DF 
Germination rate 
Days to 50% 
germination 
Chi-square p-value 
Chi-
square p-value 
Seed mass 1 4.19 0.0405 0.39 0.5349 
Micro-habitat 1 14.69 0.0001 1.01 0.3171 
Source 1 12.63 0.0004 0.35 0.556 
Species 4 116.74 <.0001 15.36 0.004 
Micro-habitat*Source 1 6.28 0.0122 0.02 0.8885 
Micro-habitat*Species 4 48.17 <.0001 2.88 0.5784 
Source*Species 4 21.16 0.0003 0.29 0.9903 
Micro-
habitat*Source*Species 4 19.57 0.0006 0.31 0.9892 
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Table 4. Summary of post hoc chi-square contrasts for seed germination of five annual 
species. False discovery rate corrected p-values are presented. Combinations of seed 
source (open (O) and understorey (U)) and simulated micro-habitat (open (O) and 
understorey (U)) were contrasted with their respective reciprocal treatment. Bolded 
values indicate statistically significant values (p < 0.05) along with the corresponding 
treatment with the higher final germination rate. 
Contrast 
Alonsoa 
meridionalis 
Cyperus 
hermaphroditus 
Fuertesimalva 
peruviana 
Nassella 
mucronata 
Plantago 
limensis 
By source 
    O-O vs. O-U1 0.4592 0.0765 0.7850 0.7850 0.9731 
    U-U vs. U-O 0.2714 U-O 0.0420 0.2714 0.7850 0.4814 
By simulated micro-
habitat      
    O-O vs. O-U2 0.7850 0.2714 0.7850 0.2714 0.3963 
    U-U vs. U-O 0.3819 0.0600 0.2714 0.2714 0.7850 
Home vs. away      
    O-O vs. U-U 0.2714 O-O 0.0420 0.3819 0.8265 0.3819 
    O-U vs. U-O 0.7423 0.2714 0.9962 0.3819 0.2714 
 
1 By source, O-O vs O-U: seeds that germinated under open micro-habitat conditions 
and were collected in open micro-habitat vs. seeds that germinated understorey micro-
habitat conditions and were collected in open micro-habitat. 
2 By micro-habitat, O-O vs O-U: seeds that germinated under open micro-habitat 
conditions and were collected in open micro-habitat vs. seeds that germinated under 
open micro-habitat conditions and were collected in understorey micro-habitat. 
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Fig 1. Relative interaction indices for plant density of five annual plant species growing 
in open and understorey micro-habitats in Atiquipa, Southern Peru. Means and standard 
errors are shown. 
 
Seed germination 
A total of 605 seeds germinated out of the 2000 seeds used in the experiment, 
i.e. 30.25% overall germination rate. However, germination rates significantly differed 
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among species (Table 3), although not between Cyperus hermaphroditus and 
Fuertesimalva peruviana (Chi-square = 2.4902, p = 0.1146). Total germination rates 
were 42.50% for Plantago limensis, 30.50% for Nasella mucronata, 18.25% for Cyperus 
hermaphroditus and 6.75% for Fuertesimalva peruviana. In addition, germination was 
significantly higher for seeds collected in open micro-habitats (i.e. significant source 
effect), and for all seeds regardless of source germinating in simulated open micro-
habitat conditions (i.e. significant micro-habitat effect; Fig. 2a, Table 3). However, this 
result was mainly driven by Cyperus hermaphroditus, as effects of seed source and 
micro-habitat conditions did not differ for the other species (Table 4, Appendix 13). The 
number of days to 50% germination significantly differed among species (Fig. 2b, Table 
3, Appendix 14), but there was no significant difference between sources or simulated 
micro-habitat conditions (Table 3). 
 
 
 
 
 
 
 
 
 	
137 
 
Fig 2. Relative interaction indices (RII ± SE) for seed germination of five annual plant 
species collected in open and understorey micro-habitats. Seeds from both sources 
were germinated under simulated open and understorey conditions in growth chambers. 
(a) Final germination rates. (b) Numbers of days required to 50% germination. 
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DISCUSSION 
We predicted that plant-plant facilitation would have positive effects on the seed 
biology and germination rates of understorey species. However, there was no evidence 
in these seed biology analyses or germination trials of plant facilitation effects on the 
seed life-stage trait set. Admittedly, only 2 of the 5 species experienced facilitation by 
nurse-plants at the plant life-stage and this necessarily limits the scope of our findings. 
Nonetheless, germination was significantly higher for seeds collected in open micro-
habitats and most importantly for all species germinating in simulated open micro-
habitats including the species that were facilitated by the nurse plant. Furthermore, 
these general differences were mainly driven by the annual species, Cyperus 
hermaphroditus, the most strongly facilitated species at the plant life-stage we studied, 
suggesting that plant facilitation does not shape seed biology. In addition, there was no 
evidence for reduced variability in seed size or viability, and germination was not 
accelerated for seeds from under nurse-plants. Even with potential maternal effects 
likely included in the seeds (Luzuriaga et al. 2005), no effects of nurse-plants were 
found on the net outcome of the measured traits. Overall, these results indicate that the 
effects of the improved micro-habitat conditions generated by nurse-plants had no 
consistent effects on the seed biology and germinability of understorey species, and do 
not thus support the hypothesis that relatively more fixed traits from an evolutionary 
perspective diverge between individuals of a population partitioned between 
understorey and open microsites. Selection processes associated with nurse-plant 
effects on annuals may be greater for vegetative traits. 
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Our study focused on the effects of nurse-plants, including both strongly 
facilitated and strongly inhibited plant species. The lack of differences in the traits 
measured suggests that seed biology traits are very conservative (Moles et al. 2005), or 
that they are controlled by a combination of complex genotype-environment 
relationships not entirely addressed in our experiment (Finch-Savage & Leubner-
Metzger 2006). They also suggest that even while dispersal ability of understorey 
species is low (Venable et al. 2008; Giladi et al. 2013), ecotypic differentiation does not 
occur in this system. Local adaptation is not favoured in stressful conditions and 
plasticity is a more dominant strategy that allows desert plants to cope with highly 
unpredictable environmental conditions (Sultan & Spencer 2002, Chesson et al. 2004). 
Conversely, Liancourt & Tielbörger (2011) demonstrated local adaptation for plants from 
arid environments by subjecting individuals of the same species from Mediterranean 
conditions to arid field conditions. The contradiction in findings between studies may be 
related to the length of the gradients under study in that plants may adapt to a variety of 
conditions via plasticity of traits at local scales (this study), but they develop local 
adaptations when larger scales/gradients are considered (Liancourt & Tielbörger 2011). 
Although seed life-stages are critical for annuals, our study presents no evidence for 
consistent differences in performance between micro-habitats under controlled 
experimental conditions. Annual species that have more divergent population 
distributions with less gene flow may also be needed for nurse-plants to generate 
detectable selection processes, i.e. for species that are relatively rare in a system with a 
net balance toward nurse-plant associations. 
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We also predicted that the potential selective pressure of increased competition 
driven by higher plant densities under nurse-plants would lead to adaptive acceleration 
in germination (Dyer et al. 2000, Tielbörger & Kadmon 2000). We did not find evidence 
to this effect. One explanation is that the strength of apparent competition in the 
understorey was insufficient to act as a selective process on seed biology 
characteristics. Generally, no effect of apparent competition on the demographic 
responses of understorey plants has been demonstrated in other arid ecosystem 
studies (Tielbörger & Kadmon 2000, Soliveres et al. 2011) suggesting that either 
apparent competition is too infrequent or too weak in these contrasts. Alternatively, the 
net positive effect of shrubs could also neutralize changes in germination rates 
associated with avoiding annual plant-plant competition. In this sense, lack of response 
on seed biology traits could be related to their conservative nature (Moles et al. 2005), 
but could also be due to stabilizing selection generated by counter-directional 
interactions in a nurse-plant-annual system. A more powerful test of these predictions 
would be to either sample or generate annual plant density gradients to increase the 
likelihood that indirect effects are present/persistent enough to impact micro-
evolutionary processes.  
 
Germination was favoured for seeds collected in open micro-habitats, and most 
importantly, for all seeds regardless of species identity germinating under simulated 
open micro-habitats. This is a compelling finding and an opportunity to reconsider the 
context-dependency of nurse-plant effects generally assumed in the facilitation literature 
(Brooker et al. 2008; Le Bagousse-Pinguet et al. 2013; McIntire & Fajardo 2014). 
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Understorey micro-habitats may not necessarily always represent the most ideal abiotic 
conditions for annuals to germinate because of low light conditions inducing low 
photosynthetic rates (Forseth et al. 2001; Jensen et al. 2011), and lower availability of 
water and nutrients (Callaway et al. 1991; Holzapfel & Mahall 1999). Certainly, the 
presence of annuals in the understorey is the product of a net positive effect that is the 
outcome of both positive (e.g. stress amelioration) and negative effects (e.g. reduced 
resources such as light or water as tested in our experiment) (Holzapfel & Mahall 1999; 
Callaway 2007); hence the result that seed germination seems to be reduced in 
understorey conditions might not be entirely unexpected. The seeds of arid annual plant 
species, or stress tolerant species in general, may also be adapted to higher-stress 
conditions (Körner 2003) and more rapid or higher germination rates in the context of 
overarching facilitation is not a signal that they have or can respond. Our results provide 
a useful insight into the widely assumed view that nurse-plants are clear examples of 
positive interactions in stressful environments (Maestre et al. 2003; Gomez-Aparicio et 
al. 2004) because evolutionary processes and the trait set in question can be important 
considerations. We suggest that these novel avenues for research, the seed life-stage 
and the impact of facilitation on evolutionary processes, be used to structure future 
facilitation studies in arid ecosystems.  
 
Collectively, we found that nurse-plant positive effects do not necessarily 
translate into divergent seed characteristics for the understorey plant species growing in 
both canopies and more open micro-habitats. Apparent competition in nurse-plant 
canopies may not be sufficiently intense to generate selective processes that overcome 
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facilitation and impact the seed biology and germination of these understorey species. A 
major implication is that local adaptation and plasticity of beneficiary species are 
necessary research topics to expand facilitation research. Further ecological studies 
should also extend the distribution ranges tested and explore density gradients to 
pinpoint the micro-evolutionary effects of nurse-plants on other species. 
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Aim and over-arching hypothesis 
The aim of this project was to determine the direct and indirect consequences of 
top-down plant-plant facilitation in arid environments. Given that indirect effects are 
relatively under-studied (Wootton 1994, Brooker et al. 2008, McIntire & Fajardo 2014), 
we started by conducting a systematic review on the topic. Then, to empirically explore 
the aim of this project we studied a collection of field sites in the relatively under-studied 
Atacama Desert (Fig. 1). We hypothesized that dominant plants have direct and indirect 
effects on the understory species they usually facilitate, which in turn has important 
consequences for community organization and coexistence in stressful environments. 
These effects vary along spatial and temporal environmental gradients in a predictable 
fashion. Moreover, these dominant plants by facilitating entire understory communities, 
alter the outcome of interactions amongst their members and impact their evolutionary 
trajectories. 
 
The following objectives and hypotheses were examined: 
 
- To summarize and contextualize the breadth of research on indirect interactions in 
terrestrial plant communities within a recently proposed framework (Chapter 1). 
 
- That the positive effects of dominant desert plants on understory communities are 
spatiotemporally scale dependent, from micro- to broad-scale spatial effects, and from 
within-seasonal to among-year temporal effects (Chapters 2 and 3). 
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- That dominant plants via their different traits determine the outcome of plant-plant 
interactions (Chapters 2 and 3). 
 
- That dominant plants mediate the outcome of interactions amongst understory species 
and that their responses are species-specific (Chapters 3 and 4). 
 
- That facilitation by dominant plants generates sufficiently different micro-environmental 
conditions that lead to consistent differences in seeds traits of understory plants 
(Chapter 5). 
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Fig. 1. Location of the study sites along the Atacama Desert. 
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Summary of major findings 
Indirect interactions in terrestrial plant communities (Chapter 1) showed a clear 
geographic and ecosystem bias, with the majority of studies being conducted in North 
America and Europe, and in mesic ecosystems. These interactions have been reported 
in most geographic regions and ecosystems in the world, but have been neglected in 
tropical regions and in stressful ecosystems (Table 1). These biases are consistent with 
current trends of ecological research in general (Martin et al. 2012). The organizational 
framework proposed in Chapter 1 effectively contextualized the current state of 
research and allowed to identify specific pathways that have received considerable 
attention within the literature. The majority of studies have examined plant-animal 
feeding interactions, with studies dealing with interactions exclusively among at least 
three plant species, and plant-pollinator interactions relatively under-explored. We also 
found an important gap regarding to trait-mediated indirect effects. The proposed 
framework represents an important theoretical advance giving that it takes into 
consideration the main logical pathways and can be used to design more 
comprehensive studies. This review showed that studies reporting negative indirect 
effects were more frequent in mesic environments (Table 1), which provides partial 
support for an increase in the frequency of negative interactions towards less 
stressful/limiting environmental conditions (stress gradient hypothesis: Bertness & 
Callaway 1994). Overall, this review allowed us to successfully determine the 
mechanisms and geographical scope of indirect interactions in terrestrial communities 
(Fig. 2).  
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Table 1. Summary of findings from the study of direct and indirect consequences of plant-plant interactions.  
Chapter Purpose Prediction/Objectives Support/Result 
Ch1. Synthesis on 
indirect 
interactions 
To summarize and 
contextualize 
research on indirect 
interactions within a 
recently proposed 
framework 
To identify geographic and 
ecosystem extents of indirect 
interactions 
Majority of studies from Northern Hemisphere: North America and Europe. 
Indirect interactions in South America, Africa, Asia, and tropics understudied. 
Indirect interactions mostly examined in forests and grasslands, with less 
studies in stressful ecosystems (deserts, alpine ecosystems, salt marshes). 
To summarize the number of 
trophic levels studied when 
examining indirect interactions 
Majority of studies focused on plant-animal interactions (70%), followed by 
plant-plant (20%) and plant-pollinator (10%) interactions. Majority of studies 
used two trophic levels. Studies included three levels in more productive 
environments such as agricultural ecosystems, forests, and grasslands. 
To determine whether the 
frequency of indirect interactions 
varies across large environmental 
gradients 
Apparent competition more frequent in productive environments such as 
forests, grasslands, or controlled experiments. Indirect facilitation and 
associational resistance are not more frequent in less productive 
environments such as alpine ecosystems, deserts and salt marshes. 
To describe the most common 
experimental designs and 
statistical techniques used to 
examine indirect interactions 
Single-target approach mainly used (37.7%). No trend between ecosystem 
productivity and number of targets, but more single-target studies used in 
agricultural systems, grasslands, and in controlled conditions. Mostly field 
studies (75%) and manipulative (73%). Mostly single-site approaches. 
Ch2. Interactions 
at broad scales 
To examine how 
facilitation changes 
within and between 
regional stress 
gradients and their 
temporal dynamics 
using dominant 
plants with different 
traits locally. 
Increased frequency and intensity 
of facilitation with environmental 
severity at both regional and 
whole desert level, with a 
unimodal relationship as stress 
becomes extreme 
Supported. Atiquipa (least stressful locality) displayed stronger positive 
effects than both Fray Jorge and Romeral for species richness and plant 
density. Romeral and Fray Jorge had neutral to negative effects that did not 
differ in intensity for species richness, but Romeral had more neutral effects 
than those of Fray Jorge. Within region (locality) effects were non significant. 
 Increased frequency and intensity 
of facilitation as year-to-year 
environmental stress increases, 
with a similar unimodal 
relationship 
Contradictory support. At Atiquipa, facilitative effects of 2013 were higher that 
those of 2011 and 2012 for species richness and plant density. At Fray Jorge, 
effects on species richness by 2013 were lower than those of 2011 and 2012. 
At Romeral, effects on plant density by 2013 were lower than those of 2012. 
Ch3. Interactions 
at fine scales 
To examine the 
within and between 
seasonal effects of 
Micro-scale even within dominant 
plants determines the outcome of 
species interactions 
Micro-scales did not determine the positive effects of both dominant plants for 
both species richness and plant density). Understory plants communities did 
differ by spatial scale 
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 facilitation, 
concurrently with 
the micro-scale 
effects of two 
dominant species 
Interactions through time within- 
and between-seasons follow 
stress-gradient dynamics 
Dominant plant effects changed from neutral effects at the beginning of the 
growing season to strong positive effects at the end in both 2011 and 2012. 
Facilitative effects occurred earlier in the season during 2012 and were on 
average stronger for both species richness and plant density.  
 Dominant plants mediate indirect 
effects via an increase in 
competition under their canopies 
Dominant plants did not affect intransivity estimates. These indicate lower co-
occurrence, spatial segregation amongst subdominant species within all 
communities both from open and understory. 
Ch4. Direct and 
indirect effects 
through 
manipulations 
To examine direct 
and indirect effects 
of dominant plants 
on outcome of 
interactions for 
understory species 
with species-
specific responses 
Intensity of competition amongst 
annual plants is higher under 
dominants than in open non-
canopied microsites 
No evidence of more intense competition in the understory. In 2011, the 
density of P. limensis was positively associated with the density of all other 
species in understory microsites. All other relationships between species in 
both microsites were not stastically significant. 
 Neighborhood removal increases 
performance of target species, 
especially in canopied microsites 
Contradictory support. F. peruviana plant height was reduced due to 
removals in open microsites. P. limensis after removals in open microsites 
had shorter plants in 2011, but taller plants in 2012; increased fruit production 
in understories in both years; and greater biomass in open microsites in 2012.  
 Indirect effects of dominant plants 
are species-specific with 
competitive annuals experiencing 
greater release from competition. 
Indirect effects of dominant plants were species-specific. Plant neighbors in 
open microsites had significant positive effects on plant height of F. peruviana 
in both years of study. Neighborhood effects on P. limensis performance 
varied according to the response variable. 
Ch5. Evolutionary 
effects of 
interactions 
To examine how 
facilitation by 
dominant plants 
generates 
microsites leading 
to consistent 
differences in seed 
traits of understory 
plants 
Seeds associated with dominant 
plants' microsites are larger due to 
more favorable growing conditions 
No differences in seed mass between understory and open micro-habitats, 
but there were differences among species.  
 Seeds associated with dominant 
plants' microsite have greater 
viability and germination rate 
Viability was not different between microsites or species. Germination was 
higher for seeds collected in open microsites, and in simulated open microsite 
conditions. Result mainly driven by C. hermaphroditus. 
 Seeds associated with dominant 
plants' microsites have less 
variability in size and viability 
No difference in coefficients of variation for seed mass and seed viability 
between collection sources. 
 Seeds associated with dominant 
plants' microsites germinate faster 
due to apparent competition with 
other annuals 
No difference between sources or simulated micro-habitat conditions, but 
there were differences among species.  
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We found that the positive effects of dominant desert plants on understory 
communities are spatiotemporally scale dependent (Table 1). Using a multi-year 
observational study spanning several field sites along the Atacama Desert we found 
that under extreme stress the positive effects on species richness and plant density 
provided by dominant plants became competitive effects (Chapter 2). At the regional 
gradient level, we did not find evidence of these gradients determining positive 
interactions, but at the whole desert level we found that the less arid desert location 
(Atiquipa) showed positive effects of canopies, while the more arid locations Romeral 
and Fray Jorge showed neutral and negative effects. The inter-annual effects of 
temporal stress were different by desert location, with the least arid location showing 
increased frequency and intensity of positive effects towards the most stressful year 
surveyed (2013), and the most arid locations showing increased frequency and intensity 
of negative effects towards the most stressful year surveyed. Biotic interactions are also 
dependent on within-seasonal changes in environmental stress, but micro-scales within 
dominant plants did not determine the strength of their effects, although different plant 
communities were facilitated at different micro-scales in comparison to open microsites 
(Chapter 3). Interactions between dominant plants and their understory communities 
changed from neutral to positive as the growing season progressed. These results show 
that the effects of canopies on understory communities are complex and that under 
extreme stress brought by environmental spatial or temporal variation the positive 
effects of dominant plants wane, with canopies even becoming microsites that inhibit 
the presence of understory plant communities. Overall, these findings underscore the 
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importance of exploring the impact of temporal and spatial effects on the net outcome of 
biotic interactions. 
 
We found that dominant plants determined the outcome of interactions within 
their understory, but not in relation to their different traits (Table 1). At the regional scale 
with did not find differences in the strength of positive effects with understory species, 
even though we included dominant species differing in their thorniness (Chapter 2). 
This, however, also indicated that at the extreme stress sampled herbivore protection 
via thorns in dominant plants is not an important mechanism of plant-plant interactions 
(Fig. 2). At micro-scales we found consistent positive effects for both dominant plants 
studied, but with positive effects of similar intensity (Table 1). However, these different 
dominant species facilitated structurally different plant communities. This result could be 
attributable to microhabitat amelioration as a main mechanism of positive interactions 
and that beneficiary species take advantage of these microsites in a rather opportunistic 
fashion, a common adaptation for arid species (Noy-Meir 1973, Whitford 2002, Ward 
2009). Overall, these findings indicate that the species-specific effects of dominant 
plants are dependent on the mechanism of plant-plant facilitation. 
 
The effects of dominant plants on the outcome of interactions amongst 
understory species was contingent on the methodology used and on the traits of these 
understory species (Table 1). With co-occurrence analyses based on survey data we 
found that the intensity of interactions amongst understory plants is not strong and that 
spatial segregation within understory communities is not affected by the canopies of 
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dominant plants (Chapter 3). Using a combination of surveys and experimental 
manipulations we found that dominant plants have indirect interactions with their 
understory (Chapter 4). For one of the locally abundant beneficiary target species tested 
(P. limensis), we found a positive relationship with the abundance of other plant species 
in understory microsites, which provides evidence of indirect facilitation. The removal of 
plant neighbors of P. limensis resulted in its decreased plant height in open microsites, 
increased fruit production in understory microsites, and increased plant biomass in open 
microsites, which suggests increased competition in understory microsites. Relative 
interaction indices (RIIs) for this species indicated that canopies indirectly competed 
with this species. However, the removal of plants neighbors around a second target 
species (F. peruviana) did not have any effect on fruit production or final biomass, but 
decreased plant height in open microsites indicating that there are no significant indirect 
effects mediated by dominant plants for this species confirming findings of the surveys 
(i.e. non-significant relationship amongst F. peruviana’s density and other species 
density). The different life-history strategies of the target species can be an explanation 
or possible tool to examine these differences (Pages and Michalet 2006, Rolhauser and 
Pucheta 2015), giving that F. peruviana could be acting as a ruderal species (sensu 
Grime 1979), and P. limensis as a more competitive species. Overall, these results 
supported our predictions of increased intensity of competition under dominant species 
canopies, and that these indirect effects are species-specific (Fig. 2).  
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Fig. 2. Synthetic framework of the plant-plant interactions concepts examined in this 
project. Solid lines denote direct effects, dashed lines indirect effects, and the numbers 
between brackets indicate the chapter that included such concepts. 
 
Finally, contrary to our predictions, we found that facilitation by dominant plants 
did not generate sufficiently different micro-environmental conditions conductive to 
ecotypic differentiation of understory species (Table 1). Using seed biology analyses 
and germination trials in growth chambers (Chapter 5) we found no differences in seed 
traits and that germination was significantly higher for seeds collected in open 
microsites and germinating in simulated open micro-habitats. However, these general 
differences were mainly driven by the annual species most strongly facilitated at the 
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plant life-stage, Cyperus hermaphroditus. There was no evidence for reduced variability 
in seed size or viability, and germination was not accelerated for seeds from under 
dominant plants (Fig. 2). These results indicate that the effects of the improved micro-
habitat conditions generated by dominant plants do not have consistent effects on the 
seed biology and germinability of understory species. The protocol developed for this 
experiment, however, represents a novel contribution to the study of the evolutionary 
effects of positive interactions and should be used to further explore this hypothesis in 
other contexts. 
 
Implications for ecological and biogeographical theory 
Here, we developed a new framework of indirect effects within a trophic structure 
and explicitly considered their logical pathways of interaction. By classifying indirect 
interactions based on this novel conceptual framework we successfully identified 
research gaps in the field and provided recommendations for future studies. 
Additionally, previous syntheses on the topic were relatively dated (i.e. Strauss 1991, 
Wootton 1994, Callaway 2007), and our review updated theory and presented the 
strength of evidence of a topic that has seen considerable growth in the number of 
studies over the last two decades. We believe that new research efforts should address 
reported gaps and focus on indirect effects exclusively among plants, as studied in this 
project, and on non-feeding interactions such as plant-pollinator effects taking into 
consideration the main pathways identified within the conceptual framework in order to 
design more comprehensive studies. We are confident that this framework represents 
an important tool for theoretical and practical purposes. 
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By explicitly including a biogeographical approach to study plant-plant 
interactions we successfully demonstrated the scope of the spatiotemporal dependence 
of positive interactions. This provides a framework for future studies using a more 
comprehensive depiction of the conditionality of biotic effects. Our results supported 
specially the SGH as proposed by Bertness and Callaway (1994) for within-seasonal 
and inter-annual temporal gradients, and for broad spatial environmental gradients, but 
also the humped-back model of diversity (Michalet et al. 2006) by showing a collapse of 
positive interactions towards extreme stress. In this sense, our results expand the scope 
of these hypotheses by including temporal gradient effects, which have been relatively 
under-studied to date (but see Biswas & Wagner 2014, Sthultz et al. 2007, Tielborger & 
Kadmon 2000a, Schiffers & Tielborger 2006), especially concurrently with spatial 
effects. Moreover, by including novel field sites along the Atacama Desert, this project 
also extended the geographical scope of these hypotheses. The finding of a collapse of 
positive interactions at the most arid sites adds to an ongoing discussion on the limits of 
facilitation (Michalet et al. 2006, Michalet et al. 2015, Pugnaire et al. 2015), that has 
important implications under predicted climate change and for restoration purposes. 
Additional experimental studies manipulating water under extreme stress would be 
required to further this discussion. At micro-scales, even considering that benefactor 
species could generate micro-scale stress-related dynamics (Koyama et al. 2015, 
Pescador et al. 2014), we did not find evidence of different effects of dominant plants. 
This, however, requires further examination at larger micro-scales or different field sites 
as the dynamics within canopies can drastically change arid systems structure (Cipriotti 
 	
159 
& Aguiar 2015, Xu et al. 2015) and evolutionary dynamics (Kefi et al. 2008). Overall, this 
project expands biogeographical and ecological theory by combining concepts of both 
disciplines in order to understand the context dependency of biotic interactions within 
plant communities. 
 
As dominant plants usually facilitate increased densities of understory species 
within their canopies, multiple studies have hypothesized that this direct effect should 
increase the intensity of interspecific competition in those microsites (Tielbörger & 
Kadmon 200b, Schöb et al. 2013, Soliveres et al. 2011, Michalet et al. 2015). The 
results of this project provide contrasting evidence to support this hypothesis. 
Importantly, the contrasting results can be associated with the methodology used to 
determine them. Increased competition was found via manipulations of target species, 
while no indirect effects of canopies were showed via co-occurrence models on survey 
data of understory communities. This provides an interesting theoretical perspective on 
the nature of these effects in stressful environments, as these findings indicate that 
each species experience differently the direct effects of dominant plants and translate 
these effects to their interactions with other species within the canopy (i.e. a network of 
interactions). Hence, direct effects of canopies are more important than indirect effects 
within these microsites. Overall, our study contributes to the ongoing debate on the 
importance of within-canopy indirect effects, and our findings clearly illustrate that 
indirect effects mediated by dominant plants on understory species are species-specific. 
Future studies should examine this hypothesis using manipulative experiments, as 
interactions within understory communities can determine coexistence, diversity 
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maintenance and recruitment of other dominants plants (Chesson et al. 2004, Schöb et 
al. 2013), and hence could potentially be as important as direct effects. 
 
The extent of species-specificity in determining the outcome of biotic interactions 
has also been a topic of debate within the facilitation literature (Brooker et al. 2008, 
Callaway 2007, Maestre et al. 2009). This project contributes to this debate by 
demonstrating that species-specific effects manifest according to the response variable 
and possible facilitation mechanism. For instance, we included thorny and non-thorny 
dominant plants in our surveys, but found no evidence of this trait determining the 
outcome of the effects provided by the dominant plants studied. When analyzing 
community structure, we did find differences between dominant plants. These findings 
suggest that dominant plants represent biologically similar microsites for understory 
species to survive within the arid ecosystem, and that herbivore protection is not 
necessarily an active mechanism of facilitation in this arid environment. Not only do 
dominant plants can influence the outcome of interactions, but also beneficiary species 
within understories can respond differently as demonstrated here via field manipulations 
and growth chamber trials. Thus, species-specific effects are a consequence of the 
mechanistic pathways of facilitation (Filazzola & Lortie 2014). This has important 
consequences for plant community structure and coexistence in stressful environments. 
Another key component in determining outcomes can be the life-history strategy of the 
subordinate plant species, and this can be used as a predictive tool for further studies 
on the effects of canopies on interactions (Grime 1979, Pages & Michalet 2006, 
Rolhauser & Pucheta 2015). Including the traits of the intervening species into 
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experimental design advances the understanding of ecological dynamics and helps 
developing better predictive models. 
 
The evolutionary effects of positive interactions represents a topic that has 
received considerable less attention within the facilitation literature (Callaway 2007, 
Liancourt & Tielbörger 2011), even though facilitation in arid environments could be 
promoting ecotypic differentiation and ultimately speciation (Kéfi et al. 2008). This 
project provided evidence that understory species would germinate preferably in open 
simulated conditions and that there is no ecotypic differentiation. Arguably, the traits 
examined in this project could be very conserved (Moles et al. 2005) and hence 
facilitation would not represent a strong selective pressure, or alternatively the 
microsites under dominant plants are not the most ideal for germination because of low 
light conditions (Forseth et al. 2001; Jensen et al. 2011), and lower availability of water 
and nutrients (Callaway et al. 1991; Holzapfel & Mahall 1999). Nevertheless, 
considering the demonstrated microhabitat differences between understories and open 
microsites, and that theoretical models predict ecotypic differentiation (Kéfi et al. 2008), 
this topic represents an interesting avenue for research on the effects of dominant 
plants on evolutionary trajectories. Future studies, for instance, can test the importance 
of density gradients within understories on ecotypic differentiation, or explore further 
generations of understory species.  
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Implications for methodology 
We successfully demonstrated the context dependence of plant-plant interactions 
using a combination of observational and manipulative approaches. All of these 
approaches help to construct a comprehensive understanding of the system. 
Mensurative experiments often generate lower estimates of interaction strengths than 
manipulations (Kikvidze & Armas 2010), and usually manipulations provide a more 
accurate depiction of the effects among species (Díaz et al. 2003). Differences between 
methodologies can be due to the fact that each approach measures a different aspect of 
the interaction between plants (Dunne et al. 2004, Schöb et al. 2012). Survey data, for 
instance, would be providing a snapshot of the physiological status of different species 
at the moment of the survey, while measurements on final production, and reproductive 
output would be measuring integrated plant responses to stress. Measurements directly 
related to plant fitness, such as fruit production, would yield different results than those 
reflecting demographic processes, such as plant density (Tielbörger and Kadmon 
2000b). This methodological distinction is important as some variables and approaches 
are more amenable and resource-consuming than others, and the reported outcomes 
from different methods can vary significantly (Kikvidze and Armas 2010, Gomez-
Aparicio 2012, Schöb et al. 2012). Importantly, by providing a wide range of response 
variables and their associated underlying mechanisms, future studies can focus on the 
most important aspect according to the underlying question and optimize their 
experimental design. A comprehensive depiction of dominant plant effects, or any other 
biotic interaction, should certainly include both mensurative and manipulative 
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approaches as this will ultimately inform ecological theory and its applications more 
realistically. 
 
Another major contribution of this project is the development of an experimental 
protocol for the assessment of ecotypic differentiation due to facilitation. Although we 
did not find evidence supporting our hypothesis, we believe that this protocol represents 
a great opportunity to deepen the understanding on the evolutionary effects of 
facilitation under stressful conditions. Future studies should incorporate this protocol 
and even translate its design to field conditions. Additional response variables and 
sampling protocols should also be explored as other factors could easily be added to 
this design. These variables can include the following: density gradients within 
understory microsites, species-specific effects and functional classifications, spatial 
environmental gradients, among others. Facilitation research would certainly benefit 
from understanding the transition from ecological patterns into evolutionary trajectories 
using the two-phase system (i.e. canopy and open microsites) that is associated with 
dominant plants in deserts. 
 
Implications for coexistence in stressful environments 
Indirect interactions are very frequent mechanisms and can play an important 
role in the coexistence of species and in promoting species diversity (Brooker et al. 
2008, McIntire and Fajardo 2014). In arid environments, coexistence can be promoted 
via temporal differences in competitive abilities and through persistence during 
unfavorable periods, a mechanism termed the storage effect (Chesson 2000, Chesson 
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et al. 2004). This project provides evidence of this coexistence mechanism by showing 
less intransitivity in understory microsites, and that the effects of dominant plants are 
species-specific on the beneficiary plants. These effects, additionally, support the 
resource partitioning hypothesis as a mechanism of coexistence (Tilman 1982, Scheffer 
& van Nes 2006). Moreover, increased competition within understories could likely act 
as a mechanism promoting two-phase vegetation mosaics (i.e. understory and open 
microsites), because these microsites regulate the emergence of dominant plants in 
combination with other spatiotemporally variable mechanisms such as seed trapping or 
rainfall (Cipriotti & Aguiar 2015). Overall, the findings of this project showcase several 
coexistence mechanisms that have important implications for diversity maintenance 
under stressful conditions. 
 
Another largely studied mechanism of diversity maintenance in arid environments 
is the nurse-plant syndrome (Drezner 2014, Franco & Nobel 1989, Filazzola & Lortie 
2014, Whitford 2002, Ward 2009). When dominant plants provide ameliorated micro-
habitat conditions (Franco & Nobel 1989, Drezner 2007) they facilitate entire 
communities of understory plants, and hence contribute to diversity maintenance in arid 
systems. This project expands the scope of this mechanism by demonstrating its 
multiple determinants and how these vary along environmental gradients. We showed 
that dominant plants provide ameliorated microsites, and that within these microsites 
different plant communities coexist. We also showed overall positive effects of dominant 
plants on their understory, but that these effects tend to wane under extreme stress. 
These results support recent refinements of the nature of biotic interactions at high 
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stress (Michalet et al. 2006, Michalet et al. 2013, Pugnaire et al. 2015), and have 
important implications for coexistence and also for applied purposes. 
 
Implications for applied ecology, global change and desertification 
The canopies of dominant plants might play important roles in applied purposes. 
For example, they may determine the successful establishment and spread of invasive 
plants or the resistance of native plant communities to plant invasions (Badano et al. 
2015, White et al. 2006). Moreover, following the removal treatments utilized in this 
project, a manager could recommend the removal of herbs to increase recruitment due 
to a release from competition from other species (Jensen et al. 2012, Caldeira et al. 
2014). Dominant plants can also be used for restoration practices of degraded arid 
lands (Padilla & Pugnaire 2006), however the success of this technique has to be 
planned in relation to the stress level at the proposed location of the intervention. The 
results of this project suggest that there is a limit for the positive effects of dominant 
plants on understory communities, and hence this should be considered. The effects of 
climate change on the net outcome of biotic interactions are still largely under-explored 
(Brooker 2005, McIntire and Fajardo 2014). This represents a critical gap as new 
climate regimes will change the physiology and fitness of plants (Kirschbaum 2004, 
Brooker 2005), which in turn will change the intensity of interactions as they propagate 
through trophic structures (Woodward et al. 2010). The results of this project point to a 
threshold where dominant plants will not be able to facilitate understory communities, 
but also that this change is not necessarily irreversible as water supplementation can 
aid to restore the positive effects that these plants provide.  
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As dominant plants usually represent “hotspots” of interactions in deserts (Lortie 
et al. 2016), their use in restoration practices should be favored. Moreover, their 
conservation should be promoted as they not only maintain species diversity, but 
through their interactions with other trophic levels, they maintain functional diversity. 
The findings of this project clearly demonstrate the pivotal role of dominant woody 
plants in arid environments, and hence any plan to combat desertification or land use 
change and conserve arid lands should start with assessing the cover and population 
dynamics of woody species with potential facilitative effects. Additional steps should be 
taken to classify potential understory species according to their functional traits in order 
to promote ecologically functional communities. Dominant plants have direct and 
indirect effects on understory species that should translate to other trophic and these 
should be exploited to promote healthy arid ecosystems. 
 
Conclusion 
Using a series of novel field sites distributed along the Atacama Desert we found 
that multiple factors determine the outcome of plant-plant interactions. These factors 
impact both the direct and indirect effects of dominant woody plants on their understory 
communities and include species-specific traits of both the dominant and understory 
species, and the spatial and temporal environmental gradients that manifest their effects 
at different scales. Dominant plants usually facilitate increased richness and density of 
species in their understory, that in turn mediates effects amongst these species. 
However, these direct effects seem to have a limit given that at extremely stressful 
 	
167 
environmental conditions they tend to change to neutral and even competitive effects of 
canopies on their understories. Although we did not find evidence of evolutionary effects 
of top-down facilitation, the methodology proposed here represents a contribution to test 
the conditions under which these results hold. Overall, this project illustrates the 
importance of understanding the multiple drivers that determine the outcome of biotic 
interactions.  
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Appendix 1. PRISMA Flow Diagram for the identification of studies included in the 
systematic review. 
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Appendix 3. Summary of findings for the indirect plant interactions literature, including 
hypotheses tested and information about experimental procedures, target species and 
field sites.  
Hypotheses 
tested† 
N 
(%) 
Experimental 
approach (%) 
‡ 
Experiment
al setting 
(%) § 
Number 
of target 
species 
Geographi
cal region 
¶ 
Ecosystem 
type # 
Apparent 
competition 
89 
(41.
6) 
MN (78.7), MS 
(15.7), B (5.6) 
FL (59.6), 
GL (25.8), B 
(14.6) 
1-248 
(several) 
AF, AS, 
CA, EU, 
NA, OC, 
SA 
AG, AL, CO, 
DE, FO, 
GR, GL, OF, 
SM, SH 
Indirect 
facilitation 
76 
(35.
5) 
MN (65.8), MS 
(23.7), B (10.5) 
FL (85.5), 
GL (7.9), B 
(6.6) 
1-21 
(several) 
AF, AS, 
CA, EU, 
NA, OC, 
SA 
AG, AL, CO, 
DE, FO, 
GR, GL, OF, 
RP, SM, SH 
Exploitative 
competition 
and facilitation 
20 
(9.3) 
MN (75), MS 
(15), B (10) 
FL (75), GL 
(10), B (15) 
1-4 
(several) 
AS, EU, 
NA, SA 
AG, AL, CO, 
FO, GR, GL, 
OF, SH 
Associational 
resistance 
19 
(8.9) 
MN(73.7), MS 
(15.8), B (10.5) 
FL (100) 1-34 
(several) 
AF, EU, 
NA, SA 
AL, DE, FO, 
GR, RP, 
SM, SH 
Trophic 
cascades 
9 
(4.2) 
MN (66.7), MS 
(22.2), B (11.1) 
FL (77.8), 
GL (22.2) 
1-4 
(several) 
EU, NA, SA AG, FO, 
GR, GL, OF 
Shared 
defenses 
1 
(0.5) 
MN (100) FL (100) 4 EU FO 
† See text for more details on hypotheses tested. 
‡ Experimental approach: manipulative (MN), mensurative (MS), both (B).  
§ Experimental setting: Field (FL), Greenhouse/Laboratory (GL), both (B).  
¶ Geographical region: North-America (NA), South-America (SA), Central-America (CA), 
Europe (EU), Asia (AS), Oceania (OC), Africa (AF).  
# Ecosystem type: agricultural (AG), alpine (AL), coastal (CO), desert (DE), forest (FO), 
grassland (GR), greenhouse/laboratory (GL), old field (OF), riparian (RP), salt marsh 
(SM), shrubland (SH). 
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Appendix 4. Site selection in each of the three desert localities included in this project. 
In order to select five sites within each desert locality that represented an environmental 
gradient, we conducted a survey along their range. This survey systematically sampled 
1-km grids using one 20 x 20 m quadrat per grid to determine plant cover and species 
composition within each of these grids. At Atiquipa we sampled 15 of these quadrats, 19 
at Romeral, and 13 at Fray Jorge. Cover data of perennial species were then combined 
with climate information from the database WorldClim (Hijmans et al. 2005) and used to 
quantitatively determine the plots to be used for this project. Climate information 
included: annual mean temperature (AnnTemp), mean diurnal range (DayRng), 
temperature seasonality (TempSeas), annual precipitation (AnnPrec), and precipitation 
seasonality (PrecSeas). Elevation (Elev) was also included as a predictor in these 
models. These two datasets (i.e. plant cover and climate) were then combined via 
Canonical Correspondence Analysis (CCA) (i.e., direct ordination analysis with vegan 
(Oksanen et al. 2016)), in order to properly determine the complex environmental 
gradients within each locality (Lortie 2010). Ordination diagrams were inspected in order 
to select sites to sample dominant plants. At Atiquipa (Fig. 1) sites 1, 4, 8, 12 and 14 
were selected. At Romeral (Fig. 2), sites 1, 5, 9, 16 and 18 were selected. At Fray Jorge 
(Fig. 3), sites 3, 4, 9, 12 and 13 were selected. Selected sites within each locality were 
separated by at least 2 km from one another, but no more than 5 km. 
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Fig 1. Canonical Correspondence Analysis (CCA) of 15 sites sampled at Atiquipa, 
Southern Peru. Plant cover data sampled locally was combined with climate data and 
elevation of each site to produce this ordination diagram. 
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Fig 2. Canonical Correspondence Analysis (CCA) of 19 sites sampled at Romeral, 
North-Central Chile. Plant cover data sampled locally was combined with climate data 
and elevation of each site to produce this ordination diagram. 
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Fig 3. Canonical Correspondence Analysis (CCA) of 13 sites sampled at Fray Jorge, 
North-Central Chile. Plant cover data sampled locally was combined with climate data 
and elevation of each site to produce this ordination diagram. 
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Appendix 5. Summary of GLMMs contrasting species richness among microsites and 
gradients in three different years along the Atacama Desert. P-values <0.05 are bolded 
and indicate significant differences. 
Source 
 Atiquipa Romeral Fray Jorge 
 Chi-Square P-value Chi-Square P-value Chi-Square P-value 
Microsite 2 346.28 <.0001 0.69 0.7059 4.64 0.0981 
Gradient 4 324.22 <.0001 5.55 0.2350 4.17 0.3839 
Nurse*Gradient 8 334.25 <.0001 2.60 0.9567 4.27 0.8324 
Year 2 438.04 <.0001 38.41  <.0001 45.40 <.0001 
Nurse*Year 4 341.02 <.0001 1.11 0.8928 3.82 0.4306 
Gradient*Year 8 329.39 <.0001 3.17 0.9235 1.49 0.9929 
Nurse*Gradient*
Year 16 322.95 <.0001 2.69 0.9999 3.95 0.9990 
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Appendix 6. Summary of GLMMs contrasting plant density among microsites and 
gradients in three different years along the Atacama Desert. P-values <0.05 are bolded 
and indicate significant differences.  
  Atiquipa Romeral Fray Jorge 
Source DF Chi-Square P-value Chi-Square P-value Chi-Square P-value 
Microsite 2 396.07 <.0001 4.05 0.1321 18.14 0.0001 
Gradient 4 331.14 <.0001 3.11 0.5389 12.16 0.0162 
Microsite*Gradient 8 338.29 <.0001 7.62 0.4718 7.84 0.4493 
Year 2 598.75 <.0001 161.69 <.0001 42.03 <.0001 
Microsite*Year 4 387.48 <.0001 9.34 0.0531 5.21 0.2660 
Gradient*Year 8 328.75 <.0001 10.48 0.2332 13.34 0.1005 
Microsite*Gradient*
Year 16 329.08 <.0001 19.24 0.2564 12.46 0.7120 
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Appendix 7. Absolute differences along with standard errors between microhabitat 
conditions for two dominant plant microsites in relation to open microsites at noon (12 
hrs.) during the growing season of 2012 (August-October) in Atiquipa, Southern Peru. a. 
Differences in temperature (oC). b. Differences in relative humidity (%). 
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Appendix 8. Vapor pressure deficit (VPD) along with standard errors for three 
microsites associated with two dominant plants and nearby open microsites at noon (12 
hrs.) during the growing season of 2012 (August-October) in Atiquipa, Southern Peru. 
The three microsites correspond to the understory of C. spinosa and R. armata, and 
open nearby microsites. a. Overall averages per microsite; b. Seasonal trend according 
to Julian Day. VPD was calculated using Hartman (1994)’s equation based on 
Temperature (oC), and Relative Humidity (%). 
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Appendix 9. Study sites along with their climatic characteristics (Chapter 4). De 
Martonne AI was calculated using mean annual temperature and annual precipitation 
extracted from WorldClim (Hijmans et al. 2005) for each site.  
 
Site Geographical 
location (LS, LW) 
Elevation 
(m) 
DeMartonne 
AI 
1 15.763 74.369 741 0.177 
2 15.785 74.392 921 0.141 
3 15.774 74.385 1042 0.179 
4 15.732 74.372 1092 0.403 
5 15.748 74.388 1124 0.288 
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Appendix 10. Summary of Akaike Information Criterion (AIC) values for probability 
distribution functions fitted to the response variables analyzed in different models of 
Chapter 4. Lower AIC values indicate a better fit.  
Variable Normal Exponential 
Plant height 3225.61 3199.31 
Fruit production 4361.54 3996.63 
Biomass 1359.09 929.74 
Total density 1974.26 1941.99 
F. peruviana density 1552.59 1048.42 
P. limensis density 1622.78 1202.77 
Neighbors density 1914.87 1883.35 
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Appendix 11. Density (mean ± SE) of five annual species in open and understorey 
micro-habitats at Atiquipa, southern Peru. Asterisks denote statistically significant 
differences. 
 
 
 
 
 
 
 
 	
199 
Appendix 12. Seed attributes of the five studied species. (a) Seed mass (± SE) in open 
and understorey micro-habitats. (b) Seed viability (± SE) using Tetrazolium tests for 
seeds collected in open and understorey micro-habitats. Asterisks denote statistically 
significant differences. 
 
 	
200 
Appendix 13. Final germination rates (± SE) for seeds of five annual species that were 
collected in two different micro-habitats (i.e. source: open and understorey, different line 
patterns) and germinated under two different simulated micro-habitat conditions (i.e. 
micro-habitat: open and understorey). 
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Appendix 14. Numbers of days required to 50% germination (± SE) for seeds of five 
annual species that were collected in two different micro-habitats (i.e. source: open and 
understorey, different line patterns) and germinated under two different simulated micro-
habitat conditions (i.e. micro-habitat: open and understorey). 
 
